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 [Juste après que le jury m’ait annoncée que j’étais docteur, j’aurais dû me lancer dans une 
longue diatribe pour remercier toutes les personnes m’ayant accompagnée lors de ces trois ans de 
thèse. Malheureusement, la décompression consécutive à ma soutenance m’en a empêchée. Je ne 
savais plus quoi dire si ce n’est « allons manger».  Pour réparer cette grave erreur, je vais tenter de 
me rattraper à travers ces quelques pages. 
 Je tiens par ailleurs à signaler que la tradition, qui s’est instaurée ces derniers mois au LMV, 
veut que les remerciements soient percutants, taquins, humoristiques et émouvants et fassent au 
minimum 4 pages, police 11, interligne 1.5. Bref, ils sont difficiles à écrire. Je m’y lance quand même.] 
 
 Dans un premier temps, je tiens à remercier mes directeurs de thèse. Merci Valérie pour ces 
quatre ans de collaborations, master inclus. Depuis le début, tu as su me faire confiance, tu m’as 
laissée mener ma propre barque tout en me guidant. Ce fut un plaisir de travailler avec toi, même si 
je redoutais et redouterai toujours la réception de tes corrections d’articles et de thèses !!! J’espère 
qu’on continuera à bosser ensemble. Merci Jean-Louis de nous avoir aiguillonnés tout le long de 
cette thèse par des remarques subtiles et des indications pertinentes et par ton humour… «so 
Paquette » !!. Et merci à vous deux de m’avoir envoyée dans des congrès aux quatre bouts du 
monde, vous sacrifiant par la même occasion. 
 Merci à tout mon jury d’être (re)venu sur les terres auvergnates pour participer à ma 
soutenance de thèse. Anne-Magali, Emilie, Jean-Marc, Massimo, merci pour les discussions que nous 
avons pu avoir au LMV ou au cours de congrès. J’espère que beaucoup d’autres suivront. Christian, je 
ne doute pas qu’au milieu de tou(te)s ces monazitologues tu ais trouvé ta place !! 
 Je remercie également toutes les personnes avec qui j’ai eu l’occasion de collaborer au cours 
de cette thèse: Jacky Bouloton qui fut mon premier « chef »  clermontois et me fit découvrir les joies 
des grenats façon Multispec; Philippe Boulvais qui m’initia aux isotopes de l’oxygène en m’accueillant 
à Rennes ; Pierre Gautier chasseur émérite de coquilles et erreurs en tout genre; Zlatka et Milena qui 
améliorèrent ma vision de la pétrologie métamorphique, et Ianko qui me fit apprécier la cuisine 
bulgare. Smail Mostefaoui et Remi Duhamel pour leur aide et patience à la NanoSIMS, même si cette 
dernière n’était pas toujours très motivée pour travailler.  
 Ce travail n’aurait pas non plus été ce qu’il est sans l’aide de Jean-Luc Devidal qui m’a 
beaucoup aidé à faire des analyses en trace sur monazite et s’est toujours débrouillé pour me 
trouver un créneau microsonde. J’ai souvent eu l’impression de te poser des questions débiles, mais 
tu m’as toujours donnée des réponses. Merci également à Jean-Marc Hénot qui m’a aidée à chasser 
des monazites. Arme de prédilection: le MEB. 
 Je tiens également à remercier les chocolatiers Lindt et Poulain qui m’ont soutenue durant 
ces trois années de thèse. Mr Auguste Poulain, en tant que blésoise née à la fin des années 80, je n’ai 
connu que la vieille usine désaffectée et pleine de toiles d’araignée, mais jamais je ne l’oublierai, 
même quand je serai en territoire ennemie à me remplir le bide de chocolat. Au lait, évidemment.  
 Et maintenant, les thésards… aïe aïe aïe… opération délicate…  
 Je remercie tous mes camarades de thèse, qui sont très vite devenus  beaucoup plus que des 
collègues : des amis avec qui j’ai partagé de très grands moments durant ces trois années de thèse. 
La barre est haute !  Je remercie tout d’abord celui qui m’a supportée – et que J’ai supporté – depuis 
le Master 1, Baptiste. Franchement, le master et la thèse sans toi, ça n’aurait pas été pareil. A quand 
le prochain mardi-ciné-pourri ? Asmaa et Manu, que de soirées  épiques chez vous, que de parties de 
jeux endiablées, et surtout de discussions méta-scientifico-philosophiques. Puuuull uuuup !! Yannick 
et Oscar, je resterai à jamais très fière d’avoir contribué à votre sortie du placard à force de soirées 
au Still. Oscar, camarade de Mojito, ce fut un plaisir de faire ta connaissance pour de vrai, après 
t’avoir croisé pendant deux ans dans les couloirs du LMV sans jamais te parler. Yannick, tu as 
découvert mon secret : mon incapacité à dire des mots crus sans rigoler. Pour la peine tu me dois un 
paquet de Vico. Gabie, tu ne t’en souviens peut-être pas, mais un jour tu m’as acheté une tablette de 
chocolat comme j’aime alors que je n’allais pas bien. Ca m’a fait chaud au cœur. Gareth, tu devrais 
passer des castings pour devenir le 13ème (ou 14ème ??) docteur, je crois en toi. Engielle, je 
n’oublierai pas tes petits rires et gloussements qui sont devenus mythiques. Pierre continue ton 
élevage de renard et de phlogobite, je ne doute pas que tu aies de l’avenir.  Julien…je ne pense pas 
que ta vocation de gendarme soit en accord avec tes coutumes alti-ligériennes… Il va falloir faire un 
choix. KK, Gauthier, vous êtes trop SCANDALEUX. Master LOL !!! KK, j’adore t’écouter parler, c’est 
toujours passionnant et tordant. Et merci pour cette soirée qui fut totalement scandaleuse. Max, on 
se retrouve sur Mars pour manger des boulets ? Manon, que la force des vitres soit avec toi... Elodie, 
cesse donc de fantasmer sur les bouclettes d’Oscar, ça devient gênant!! Nina, j’ai su que tu étais une 
vraie de vraie poudriste le jour ou t’es venue au labo avec un pantalon rosé. Ce fut une révélation 
pour moi! Ma pauvre Angélie, je voulais faire de toi mon héritière, mais le destin (il s’appelle Audrey) 
en a choisi autrement…. Aude, ma co-bureau, on se recroisera peut-être au milieu des champs 
poitevins ! Marine, je suis sûre qu’on aurait pu faire de mirifiques battles de gâteaux. Coco et Juliette, 
ça fait quoi si on met de la silicone dans la presse multi-enclume ?? Un volcan mantellique ? Julien 
n°2, organisateur émérite de séjours à la Goldschmidt, arrête d’acheter des gâteaux et des bonbons. 
C’est mal. Du coup j’te remercie pas… :p. Akhmad, t’es le troisième mousquetaire du bureau 32A! 
Merci Giacomo ou le yéti italien. Merci Lydie d’avoir été ma partenaire de TP et Marion pour ses 
« bonjour, ça va ? » remotivant en fin de thèse. Merci à tous les p’tits (et grands) nouveaux que je 
n’ai malheureusement pas bcp connu: Zoltan, Lola, Marina, Martina, Vincent, Baptiste…Je remercie 
également les « grands »: Hannika et Jonathan, Fanny, Julia, Noël, Seb, Mathieu (Fukushima te doit 
sa longue vie), Anne-Sophie, Anaïs, Biket, Kim, Celia, Giacomo, Aurélien d’avoir pimenté mes 
première et deuxième année de thèse. Désolée à tous ceux que j’ai oubliés. Merci également à Marie 
et Antoine d’être venus me soutenir au cours de cette folle journée du 13/12/13. 
 De manière globale je remercie TOUT le LMV (même les insectes ou les rats qui y trainent) 
pour cette superbe ambiance. 
 Je remercie bcp bcp le  Zircafar  qui a séjourné chez moi quelques mois. Malgré le carfanaüm 
qu’il y a introduit, il m’a évitée d’avoir le cafard, m’a défendue contre les attaques de fourmis 
géantes et de blattes des champs et m’a nourrie de tartes poireaux/saumon. J’attends avec 
impatience notre prochaine colocation. Où qu’elle soit.  
 Enfin, je tiens à remercier mes parents qui m’ont toujours laissé faire tout ce que je 
voulais  (sauf manger des bonbons et du chocolat) et qui surtout m’ont toujours encouragé dans mes 
études, même quand je ne croyais pas en moi (ce qui est très récurrent) alors qu’eux si.  Merci 
maman d’avoir toujours été là pour moi et de m’avoir si souvent remotivé… Merci papa de m’avoir 
fait réciter mes leçons jusqu’en terminal. Ca m’a un peu manqué une fois arrivée à la fac, mais je 
m’en suis quand même sortie...Merci à mon grand frère, car s’il ne m’avait pas forcé à ramasser des 
ammonites dans le Poitou, je ne me serais peut-être pas intéressée à la géologie.  
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206Pb/238U 6mJ σ (%) 4mJ σ (%)
9 μm -33 1.9 -21 1.9
11 μm -27 4.4 -20 3.1
15 μm - - -19 2.4
207Pb/235U 6mJ σ (%) 4mJ σ (%)
9 μm -28 1.7 -15 2.6
11 μm -21 4.4 -15 3.2
15 μm - - -14 2.2
208Pb/232Th 6mJ σ (%) 4mJ σ (%)
9 μm -25 0.4 -18 1.2
11 μm -23 2.3 -20 1.7
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Références Méthode 207Pb/206Pb mean 207Pb/235U mean 206Pb/238U mean 208Pb/232Th mean
Mahan et al. (2010) ID-TIMS - 506.7 ± 0.8 515.2 ± 0.6 506 ± 1
Gasquet et al. (2010) ID-TIMS 473.3 ± 0.6 504.3 ± 0.2 511.2 ± 0.4 -
Fletcher et al. (2010) ID-TIMS 470 ± 3 506 ± 1 514 ± 1 504 ± 1
Seydoux-Guillaume et al. (2002) ID-TIMS 474 ± 1 - - -
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Moyenne Ecart-type Moyenne Ecart-type Moyenne Ecart-type
Corfu 1988 ? 235 à 880 - - - - -
Cette thèse 29 720 364 3972 441 26480 2994
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Influence de la composition chimique des fluides sur le 
comportement du géochronomètre monazite : 
exemple des monazites des microgranites du Velay.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Abstract Monazite is extensively used to date crustal
processes and is usually considered to be resistant to dif-
fusive Pb loss. Nevertheless, ﬂuid-assisted recrystallisation
is known to be capable of resetting the monazite chro-
nometer. This study focuses on chemical and isotopic
disturbances in monazite grains from two microgranite
intrusions in the French Central Massif (Charron and
Montasset). Petrologic data and oxygen isotopes suggest
that both intrusions have interacted with alkali-bearing
hydrothermal-magmatic ﬂuids. In the Charron intrusion,
regardless of their textural location, monazite grains are
sub-euhedral and cover a large domain of compositions.
U–Pb chronometers yield a lower intercept age of
297 ± 4 Ma. An inherited component at 320 Ma is
responsible for the scattering of the U–Th–Pb ages. The
Montasset intrusion was later affected by an additional
F-rich crustal ﬂuid with crystallisation of Ca-REE-ﬂuoro-
carbonates, ﬂuorite, calcite and chloritisation. Pristine
monazite is chemically homogeneous and displays
208Pb/232Th and 206Pb/238U concordant ages at 307 ±
2 Ma. By contrast, groundmass monazite shows dissolu-
tion-recrystallisation features associated with apatite and
thorite precipitation (Th-silicate) and strong chemical
reequilibration. 208Pb/232Th ages are disturbed and range
between 270 and 690 Ma showing that the Th/Pb ratio is
highly fractionated during the interaction with ﬂuids.
Apparent U–Pb ages are older due to common Pb incor-
poration yielding a lower intercept age at 312 ± 10 Ma,
the age of the pristine monazite. These results show that
F-rich ﬂuids are responsible for Th mobility and incorpo-
ration of excess Pb, which thus strongly disturbed the
U–Th–Pb chronometers in the monazite.
Keywords Monazite  U–Th–Pb dating  Fluid 
LA-ICP-MS  Velay
Introduction
Monazite [(Ce, La, Nd, Th)PO4] has been extensively used
for dating crustal processes in magmatic and metamorphic
rocks (Overstreet 1964; Parrish 1990). For around 10 years,
monazite, a so-called accessory mineral owing to its
low modal abundance in most crustal rocks, has been
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increasingly studied because of its role as a tracer in geo-
logical processes, especially during ﬂuid/rock interactions
(see Poitrasson et al. 2002; Williams et al. 2007 for
reviews). Monazite grains commonly display variable
chemical compositions at the grain scale and complex
compositional zoning, sometimes correlated with age
domains (Zhu and O’Nions 1999; Crowley and Ghent 1999;
Catlos et al. 2002), which reﬂect the changes in physical and
chemical parameters of the host rock. The development of
in situ techniques, such as electronic microprobe analyses
(EMPA) (Montel et al. 1996; Williams and Hanmer 2006),
sensitive high-resolution ion microprobe (SHRIMP) (e.g.
Gibson et al. 2004; Janots et al. 2009) and laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-
MS) (e.g. Paquette and Tiepolo 2007), enables the coupled
study of chemical and isotopic characteristics at the micron
scale of the monazite in various environments (Bea 1996;
Spear and Pyle 2002; Williams et al. 2007; Rasmussen and
Muhling 2007; Janots et al. 2008; Bosse et al. 2009). For
dating purposes, resetting is the most important problem.
Diffusion experiments have demonstrated that Pb (Cherniak
et al. 2004; Garde`s et al. 2006; McFarlane and Harrison
2006) and Th (Cherniak and Pyle 2008) diffusion is very
slow in monazite. By contrast, experimental studies (Teufel
and Heinrich 1997; Seydoux-Guillaume et al. 2002; Harlov
and Hetherington 2010; Hetherington et al. 2010; Harlov
et al. 2011; Williams et al. 2011; Budzyn et al. 2011) and
petrological studies (Poitrasson et al. 1996, 2000; Mathieu
et al. 2001; Bosse et al. 2009; Poujol et al. 2010; Tarte`se
et al. 2012) have shown that ﬂuid-assisted dissolution-pre-
cipitation mechanisms (Putnis 2002) are efﬁcient enough to
change the chemical and isotopic composition of monazite,
even at low temperatures (Hawkins and Bowring 1997;
Townsend et al. 2001; Krohe and Wawrzenitz 2000). The
interaction with ﬂuids results in various textures involving
monazite, such as (1) partial replacement as a pseudomorph
by dissolution/crystallisation processes (Harlov and
Hetherington 2010), (2) partial dissolution of the monazite
grain and crystallisation of secondary Th and/or LREE-rich
phases (Poitrasson et al. 1996; Seydoux-Guillaume et al.
2002; Boulvais et al. 2007; Seydoux-Guillaume et al. 2012)
such as apatite and allanite (Lanzirotti and Hanson 1996;
Janots et al. 2008; Janots et al. 2011), and (3) crystallisation
of newly formed domains with different (Seydoux-Guil-
laume et al. 2002; Hetherington et al. 2010) or similar
composition (Hetherington et al. 2010). The external
parameters controlling Th, U and LREE behaviour during
the ﬂuid/rock interaction are known from experiments:
temperature (Poitrasson et al. 2004; Teufel and Heinrich
1997), ﬂuid composition (Seydoux-Guillaume et al. 2002;
Teufel and Heinrich 1997; Hetherington et al. 2010), pH
and redox conditions (Oelkers and Poitrasson 2002;
Hetherington et al. 2010), ligand species and stability of
REE, Th- and U-rich phases (Poitrasson et al. 2004), and
initial composition of the monazite (Hetherington et al.
2010). Studies show that monazite disturbance mainly
depends on the composition of the interacting ﬂuid rather
than on the pressure and temperature conditions. Never-
theless, the behaviour of the Th, U, Pb and LREE during
ﬂuid–rock interaction in natural rocks is not yet fully
understood, especially the U, Th, and Pb mobility, which
has a direct effect on the Th/Pb and U/Pb geochronometers
in monazite and thus, on the understanding of the measured
ages.
In this study, we focus on two neighbouring microgra-
nites (the Charron and Montasset intrusions in the French
Massif Central) that have interacted with ﬂuids close to the
time of emplacement in the shallow crust. However, they
differ by the fact that the Montasset intrusion shows evi-
dence of a supplementary alteration through the develop-
ment of synchysite (LREE- and F-bearing carbonates).
This results in signiﬁcantly different behaviours of mona-
zite in the Montasset microgranite relative to the Charron
microgranite. Comprehensive textural and mineralogical
analysis, in situ compositional characterisation, and oxygen
isotope analyses on quartz, feldspars and whole rocks
enabled ﬂuid–rock interactions to be characterised in both
microgranites. In parallel, in situ Th–U–Pb isotope sys-
tematics on monazite grains allows to discuss the behav-
iour of the monazite-hosted isotopic systems during the
magmato-hydrothermal evolution of a shallow intrusion, as
well as during a post-magmatic alteration in the presence of
F-rich ﬂuids. New ages for the magmatism are proposed.
Geological setting
The Velay dome, located in the southeastern French Massif
Central is the largest granitic body of the west European
Hercynian domain (about 6,000 km2). The dome displays a
concentric low-P, high-T metamorphic gradient, with a
continuous section from greenschist facies to an anatectic
complex. This includes para- and orthogneisses and cor-
dierite-bearing migmatites and granites, which form the
core of the structure. The dome building resulted from
three melting stages (Ledru et al. 2001). The ﬁrst stage led
to large-scale migmatisation (metaxites) and minor
amounts of granite under water-saturated conditions at
314 ± 5 Ma (U–Pb monazite age, ID-TIMS; Mougeot
et al. 1997). The second stage is a ﬂuid-absent melting
stage that produced the various cordierite-bearing Velay
granites at about 300 Ma (Cantagrel 1973; Caen-Vachette
et al. 1982; Williamson et al. 1992; Mougeot et al. 1997).
The last stage of melting is characterised by the emplace-
ment of small bodies of post-anatectic alumina-potassic
granites and microgranites in the migmatites and the Velay




granite (Montel and Abdelghaffar 1993). This study focu-
ses on two occurrences of these microgranites coming from
Charron and Montasset (Fig. 1), which were previously
studied by Bouloton et al. (2000) and Montel et al. (2002b).
The Montasset microgranite dyke is a 1.5 km long and
boudin-like intrusion, oriented NW–SE, and dipping
10–20 north (Bouloton et al. 2000; Montel et al. 2002b). A
quarry provides high-quality outcrops. The rock is grey to
pink depending on the degree of alteration. The texture is
porphyric throughout the dyke except near the edge where
aphyritic textures can be observed. Host rocks are mig-
matitic paragneisses and orthogneisses constituting the
external envelope of the Velay anatectic dome. The contact
between microgranite and host rock is sharp.
The Charron microgranite dyke is 20 m thick, oriented
SE–NW and strongly dipping to the north. The rock has a
reddish hue with a microgranular porphyric texture formed
by micro- and phenocrysts in a strongly weathered spher-
ulite-rich groundmass (50 % of the rock volume). It was
emplaced in the Velay granite and displays aphyritic tex-
ture near the edges.
Both microgranites are peraluminous, leucocratic and
K-rich, and contain some cordierite. The melting temper-
ature was estimated by monazite and zircon thermometry at
820–850 C (Montel et al. 2002b), which is similar to the
temperature estimated for the post-anatectic granites in this
area by classical exchange thermometry. Thus, Montel
et al. (2002b) suggested that post-anatectic granites and
microgranites form a single group, among which the mi-
crogranites represent the shallowest members.
The ‘‘Velay magmatic event’’ is considered to take place
during a long time-span. If the age of themain intrusive event
is constrained to around 300 Ma (see above; Mougeot et al.
1997; Caen-Vachette et al. 1982), the ages of the post-ana-
tectic granites are scattered and sometimes conﬂicting. U–Pb
systematics on apatite yielded an age of 289 ± 5 Ma,
interpreted as a cooling step between 550 and 350 C
(Mougeot et al. 1997). This result disagrees with Rb–Sr
whole rock ages at 274 ± 7 Ma in post-anatectic granites
(Caen-Vachette et al. 1982) and at 284 ± 7 and
267 ± 11 Ma in leucocratic granites emplaced north of the
Velay dome (Gay et al. 1992). Based on a K–Ar age of
259 ± 5 Ma, themicrogranites could be even younger (Vitel
et al. 1994). Montel et al. (2002a, b), from EMPA dating,
found two groups of ages in the Montasset microgranite.
Monazite inclusions in garnet were dated at 306 ± 12 Ma,
whereas monazite grains disseminated in the groundmass
yielded ages at 257 ± 8 Ma. The same analytical technique
applied to the Charron microgranite yielded two groups of
ages at 291 ± 9 and 252 ± 11 Ma. For both microgranites,
the range 290–310 Ma was interpreted as the age of mi-
crogranite crystallisation, whereas the 250–260 Ma ages
were associated with a late (post-Hercynian) hydrothermal




















Fig. 1 Geologic map of Velay
with locations of the Montasset
and Charron microgranites (the
stars in the south and middle of
the map, respectively). MP
Montpezat-sous-Bauzon, P Le
Puy, SE Saint-Etienne,
T Tournon, Y Yssingeaux. (1)
Post-Palaeozoic sediments and
volcanics, (2) Stephanian basin,
(3) post-anatectic granites, (4)
Velay granite, (5) Lower Gneiss
Unit, (6) other granites, (7)
Upper Gneiss Unit (Map
modiﬁed after Montel et al.
2002b)





In this section, we provide a brief petrographic description
of the two microgranites, with a distinction between the
magmatic and secondary parageneses; monazite descrip-
tion is provided in the next section.
The Montasset Microgranite
Petrography
The samples analysed in this study are those from Montel
et al. (2002b) and Bouloton et al. (2000). The texture of
samples (MTXX6A, MT93-5, MTXX3, MTXX4 and
MT93-9), from the core of the intrusion, is porphyric
(Fig. 2a), with phenocrysts (up to 2 mm) of K-feldspar,
plagioclase, corroded quartz, acicular biotite, garnet
(Fig. 2b) and minor cordierite. Accessory minerals include
zircon, monazite and rutile. Garnet probably initially
occurred as euhedral phenocrysts up to several millimetres
long, but is now strongly affected by brittle deformation.
The grains are usually broken into fragments (Fig. 2b).
Monazite, zircon, quartz, and rarely sillimanite, occur as
inclusions in garnet. Zircon grains in the groundmass are
skeletal, whereas zircon inclusions in garnet are tiny and
sub-euhedral. The groundmass shows variable sizes and
styles of crystals: sample MTXX6A displays an aphyric
groundmass, while the others present microcrysts of
K-feldspar, quartz and biotite (30–100 lm). Coarse-grained
enclaves up to several centimetres are common. They cor-
respond to cogenetic enclaves (Bouloton et al. 2000). They
have mineralogy comparable to the host microgranite,
containing K-feldspars, plagioclase, acicular biotite, quartz
and fractured garnet. Cordierite was not observed.
In all samples, the magmatic minerals are altered. The
alteration consists of the sericitisation of K-feldspar, the
Fig. 2 a–c Photomicrographs
and d BSE image of Montasset
microgranite. a Porphyric
texture of microgranite with
phenocrysts of corroded quartz,
K-feldspar, chlorite and
secondary muscovite. b Garnets
strongly fractured in several
pieces. Fractures are ﬁlled with
calcite and sometimes chlorite.
c Plurimillimetric plagioclase
replaced by calcite and
muscovite. d Fluorite replacing
chlorite, and calcite ﬁlling
garnet fractures. e and f Back-
scattered electron images of the
porphyric Charron microgranite
with phenocrysts of K-feldspar,
quartz and biotite. In (e), quartz
is surrounded by spherulitic
structures, indicating a fast
cooling rate. In (f), K-feldspars
are skeletal. Bt biotite, Cal
calcite, Chl chlorite, F ﬂuorite,
Grt garnet, Kfs K-feldspar,
Mnz monazite, Ms muscovite,
Ox iron oxide, Qtz quartz,
Gdm groundmass,
Th Th-silicate, sk Kfs skeletal
K-feldspars, Sph spherulite




albitisation of plagioclase, the pinitisation of cordierite, the
chloritisation of biotite and the crystallisation of secondary
minerals such as muscovite, calcite, ﬂuorite, F-REE-car-
bonates, apatite and Th-silicate. Compositions of the sec-
ondary minerals are reported in the electronics
supplementary Table S1. Sheaf-like muscovite ﬁlls all
interstitial spaces in the groundmass (Fig. 2a) and replaces
altered K-feldspar, plagioclase (Fig. 2c) and cordierite.
Calcite is present in garnet fractures, systematically sur-
rounds the garnet fragments, and locally replaces plagio-
clase or ﬁlls veins in the groundmass (Figs. 2a–d, 3a).
Fluorite is abundant and typically forms pseudomorphs on
chloritised biotite (Fig. 2d). F-REE-carbonate (synchysite)
occurs as thick sticks and is often grouped in clusters. They
usually crystallise in the garnet fractures, sericitised
K-feldspar, plagioclase and occasionally in the groundmass
(Fig. 3a–d). Th-silicate replaces or is close to the dissolved
monazite in the groundmass (Fig. 3e, g, h). It can be
included in F-REE-carbonates (Fig. 3b). Apatite grains
surround monazite or crystallise in contact with it (Fig. 3g,
h). Rutile occurs as a destabilised mineral ﬁlled with
muscovite in the groundmass or can be exsolved along the
chlorite cleavages. Euhedral quartz phenocrysts (500 lm to
2 mm) contain embayments with corroded rims, suggesting
silica leaching.
Mineral compositions
Magmatic minerals (Table 1) have the same composition
in the microgranite and in the enclaves. Consequently, they
will not be distinguished. K-feldspar has an average com-
position of Or97–Or98. Plagioclase is present as phenocryst
and is nearly pure albite (Ab97-98). Biotite is systematically
chloritised with a F content lower than 0.8 wt.%, and a Mg/
(Mg ? Fe) ratio ranging from 0.24 to 0.40. By contrast,
pristine biotite included in quartz, K-feldspar and garnet is
not altered. Its F content (up to 2 wt.%) is much higher
than in the altered biotite, with a mean Mg/(Mg ? Fe) ratio
of 0.4 (Table 1), which indicates that the F-rich character is
a primary one. From one grain to another, the composition
of garnet varies slightly from Alm57Py39Gr2And1Sp1 to
Alm61Py33Gr2And1Sp3 (Table 1), except in sample
MTXX6A, where pyrope content is lowered down to 25 %.
Cordierite is completely pinitised with a strong alkali-
enrichment (K2O content up to 9 wt.%).
Carbonates are pure calcite (see Table S1 online
resource) and synchysite [(REE,Ca,Th)(CO3)2F]. The latter
has a similar REE-content to monazite: HREE-poor
(Gd2O3: *0.5 wt.%) and LREE-rich (La2O3: *9 wt.%;
Ce2O3: *25 wt.%). Th-silicate is thorite and contains a
signiﬁcant quantity of U (up to 1.5 wt.%) and Ca (up to
2.5 wt.%). F content in apatite is high: 2 to 5 wt.% (i.e.
ﬂuoro-apatite). Chlorite resulting from the alteration of
biotite is Al-rich (*20 wt.%). Sheaf-like muscovite is
characterised by an Mg number ranging from 0.6 to 0.8.
The Charron Microgranite
Petrography
Samples from the Charron microgranite (CHA-4, CHA-6)
have a porphyric texture (Fig. 2e, f). No enclaves have
been observed in the studied samples. Phenocrysts are
composed of quartz, large biotite, K-feldspar (up to
15 mm), plagioclase and cordierite. Garnet is absent. The
accessory minerals are monazite, zircon and apatite. The
groundmass consists of skeletal K-feldspar, acicular biotite,
quartz and secondary muscovite. The groundmass texture
is aphyric with numerous spherulitic structures (more than
50 % of the rock) developed around quartz and potassic
feldspars nuclei that attest to strong undercooling (Fig. 2e).
The hydrothermal alteration is less developed than in the
Montasset samples and consists of secondary muscoviti-
sation, feldspar sericitisation, plagioclase albitisation and
cordierite pinitisation.
Mineral composition
K-feldspar (Table 1) has an average composition of Or95-96
with rare patches of Or72Ab27An1. Plagioclase is nearly
pure albite. Biotite (Fig. 2f; Table 1) has a high F content
ranging from 1.2 to 3.7 wt.% with a Mg/(Mg ? Fe) ratio
varying from 0.44 to 0.70. Rutile is present in biotite as a
result of exsolution. Cordierite is pinitised and forms pat-
ches in the groundmass. Sheaf-like muscovite is charac-
terised by an Mg number ranging from 0.6 to 0.9.
Textural and compositional characteristics of monazite
Textural characteristics of the monazite grains
Two types of monazites were differentiated based on their
textural characteristics in the studied samples.
Pristine monazite is rounded or euhedral, not frag-
mented and not associated with secondary minerals
(Figs. 4a–d, 5). In the Montasset samples (MTXX6A;
MTXX3; MT93-5; MT93-9), it is present as spherical
(10 lm), elongated (30 9 10 lm) or euhedral (20 lm)
phenocrysts (Fig. 4a–c). Pristine monazite is also present in
the calcite ﬁlling the garnet fractures as spherical and small
(\10 lm) crystals (Fig. 4c). Included in quartz or feldspar,
it is spherical (Fig. 4a, b) or euhedral with a size of
20–30 lm in the microgranite and up to 70 lm in the
enclaves. In the Montasset samples, only one pristine
monazite grain (up to 90 lm) occurs in the groundmass. In




the Charron samples, pristine monazite occurs as inclusions
in biotite, quartz, feldspar and spherulite. In the ground-
mass, monazite grains are commonly grouped in clusters
with a size range of 5–30 lm (Fig. 5a).
Altered monazite was only observed in the Montasset
samples, especially in the groundmass (Fig. 4e–h). It is
highly fragmented, presents dissolved or recrystallised rims
and is associated with secondary minerals (Fig. 3e–h).
Altered monazite has a size ranging from 20 to 70 lm, but
the grains are usually fragmented into small pieces,\10 lm,
whose spatial arrangement allows reconstruction of the
original shape of the grain. Altered monazite shows
different degrees of dissolution from partially to almost
totally dissolved. It is systematically associated with the
Fig. 3 BSE images of
secondary minerals in
Montasset microgranite.
a–d Show thickset synchysite in
garnet fractures (a), within
feldspars (b, d) and as
aggregates in groundmass (c).
Sometimes, thorium-silicates
can be included in synchysites
(b). e–h Show altered monazite
associated with secondary
minerals. Ap apatite, Cal calcite,
Crd cordierite, Grt garnet,








secondary minerals quartz, thorite, ﬂuoro-apatite and syn-
chysite. Quartz pseudomorphs the monazite grains
(Fig. 3f–h), thorite can partially pseudomorph them or
crystallises close by \100 lm (Fig. 3e–h), and ﬂuoro-
apatite (Fig. 3g) and synchysite crystallise around or next
to the altered monazite (\10 lm). Secondary newly
formed monazite domains recrystallise in the pseudomorph
and display different chemical composition.
Chemical compositions of the Montasset monazite
Monazite compositions are reported in Tables 2, 3 and in
Fig. 6. The distribution of Y, Th, Ca and La in altered
monazite grains is shown in Fig. 7 (see electronic supple-
mentary material S2 for the analytical methods).
In the Montasset samples, the composition of pristine
monazite is rather homogeneous (Table 2; Fig. 6a–d) as
shown by La and Th mapping (Fig. 7a). Most variations are
due to the replacement of light REE (LREE) by mid-heavy
REE (MREE), with constant actinide content (Fig. 6a). In
most samples, Y content is low (\1.5 wt.%) except for some
monazite grains included in garnet where the Y content can
reach 3.1 wt.%, usually correlated with the decrease in the Th
content. Chemical mapping underlines also the slight vari-
ability ofYwithin a single grain (Fig. 7a). Only twomonazite
grains included in calcite (Fig. 6b) display a different pattern
with a higher Ca content (up to 2.66 wt.%) than the other
pristine monazite grains (average CaO: 1.0 wt.%), which is
not balanced by the brabantite exchange (2REE3? =
Th4??Si4?). The very small size of these grains may have
induced a contamination by the surrounding calcite during
analysis. Consequently, this Ca-enrichment can hardly be
considered a real chemical characteristic in these grains.
The altered monazite (Table 3) displays a larger range
of compositions compared to the pristine ones (Fig. 6).
Although some grains have element contents similar to the
pristine monazites, most of them display higher actinide,
and lower LREE and MREE contents (Table 3; Fig. 6a).
These variations result from an inverse correlation between
Th, Ca and LREE, following the brabantite exchange
(Fig. 6b). Y content is highly variable (0.38–3.06 wt.%) in
the altered monazite, and these variations seem uncorre-
lated with the other elements. Figures 6c, d show that the
Pb is not correlated with the parent elements, that is, Th
and U. Indeed, the U contents in the altered and pristine
monazite are mostly similar (except for two analyses which
display a U content up to 20,000 ppm), while many
domains in the altered monazite are Th- and Pb-rich
(Fig. 6c, d). In these domains, the Pb enrichment is usually
higher than the Th enrichment, the latter being highly
variable. Although the distinction between core and rim is
difﬁcult because of the fragmentation of the initial grains,
Th and La mapping underline that Th-rich domains are
rather localised in the rims and have lower LREE content
compared to the fragments in the cores (Fig. 7b, c). These
domains are interpreted here as newly recrystallised mon-
azite during the ﬂuid/monazite interaction.
Chemical compositions of the Charron monazite
Pristine monazite from the Charron samples has a lower
LREE content and higher actinide (Fig. 6a) and Ca con-
tents (Fig. 6b) than the pristine and altered monazite pop-
ulations of the Montasset samples (Fig. 6a–c; Table 4).
The compositions are also widely scattered compared to
that of the pristine Montasset monazite. Compositions
Table 1 Electron microprobe analyses (wt.%) of magmatic minerals from Charron and Montasset microgranites
Mineral Bt Bt Chl Chl Kfs Kfs Kfs Kfs Pl Pl Pl Grt Grt Grt
Microgranite CHA MT MT MT CHA CHA MT MT CHA MT MT MT MT MT
Sample Cha-6 MTXX6A MT93-9 MTXX6A CHA-6 CHA-6 MT93-5 MT93-9 CHA-6 MT93-5 MT93-9 MT93-5 MTXX6A MT93-9
SiO2 35.55 36.56 25.04 28.57 65.18 65.25 64.04 63.93 68.92 66.99 68.22 38.74 37.27 38.16
TiO2 3.86 4.24 0.25 0.44 0.02 0.03 0.00 0.00 0.00 0.03 0.00 0.00 0.03 0.05
Al2O3 16.95 15.91 21.98 21.48 18.28 18.66 18.02 18.07 19.99 20.10 19.73 22.21 20.83 21.97
Cr2O3 0.02 0.00 0.05 0.05 0.02 0.00 0.03 0.00 0.00 0.00 0.00 – – –
FeO 18.65 21.80 30.83 26.80 0.06 0.04 0.00 0.02 0.03 0.04 0.00 27.36 32.09 27.99
MnO 0.10 0.08 0.31 0.23 0.00 0.00 0.05 0.00 0.01 0.03 0.02 0.56 1.03 1.24
MgO 10.89 8.57 8.22 8.94 0.01 0.00 0.00 0.00 0.01 0.00 0.00 10.24 6.23 8.02
CaO 0.04 0.01 0.04 0.09 0.04 0.25 0.00 0.00 0.25 0.06 0.17 1.05 1.34 2.43
Na2O 0.41 0.41 0.00 0.03 0.08 3.00 0.18 0.17 11.41 11.84 11.47 – – –
K2O 9.56 9.23 0.15 1.06 17.09 12.13 17.13 16.81 0.14 0.07 0.12 – – –
F 1.22 2.17 0.02 0.17 – – – – – – – – – –
Total 97.24 98.97 86.90 87.86 100.80 99.35 99.46 99.00 100.75 99.16 99.73 100.15 98.82 99.86
Bt biotite, Chl chorite, Grt garnet, Kfs K-feldspar, Plag plagioclase, CHA Charron microgranite, MT Montasset microgranite




follow the brabantite exchanges and are related to the
textural position of the monazite; crystals included in or
neighbouring biotite have higher Th and lower LREE
contents than those observed in the spherulites or in the
groundmass (Table 4). La and Th mapping underline slight
chemical variations within a single grain (Fig. 7d). Con-
trary to the Montasset monazites, the variation of the Y
content in the Charron microgranite is inversely correlated
with LREE contents (La to Nd) and positively correlated
with U and MREE contents (Pr to Gd) (Fig. 6e, f).
Fig. 4 BSE images of pristine
(a–d) and altered (e–h)
monazites in the Montasset
microgranite. Pristine monazite
can be included in garnet (a),
quartz and feldspar (b), calcite
(c), or groundmass (d). It can be
euhedral to sub-euhedral (a and
b) and is sometimes a little
corroded (d). Altered monazites
are partially dissolved and occur
in the groundmass. Numbers
correspond to microprobe
analyses reported in Table 2 for
the pristine monazite and in
Table 3 for the altered
monazites. Circles show the
location of LA-ICPMS pits
(7 lm) and their corresponding
208Pb/232Th ages in Ma
(2r level). Ap apatite, Bt biotite,
Cal calcite, Gdm groundmass,
Kfs K-feldspar, Mnz monazite,
Ms muscovite, Pl plagioclase,
Qtz quartz, MT Montasset
microgranite
1058 Contrib Mineral Petrol (2013) 165:1051–1072
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U–Th–Pb geochronology
In situ dating by laser ablation ICP-MS was performed in
thin section on monazite (see electronic supplementary
material S2 for the analytical methods). All monazite data
(2r errors) are reported in electronic supplementary tables
S3 and S4.
U–Th–Pb results in the Montasset microgranite
Sixteen analyses from seven pristine monazite grains dis-
play concordant ages at 307 ± 2 Ma in a 208Pb/232Th
versus 206Pb/238U Concordia diagram as well as in the
207Pb/206Pb versus 238U/206Pb Tera–Wasserburg diagram
(Fig. 8; Table S3).
Twenty-two analyses from nine altered monazite grains
in the groundmass display a striking age scattering (Fig. 9):
208Pb/232Th ages range from 272 ± 6 to 691 ± 17 Ma and
206Pb/238U ages ranges from 291 ± 9 to 3,399 ± 62 Ma
(Table S3). This age scattering corresponds to signiﬁcant
differences between the individual grains and heterogene-
ities within single grains (Fig. 4e–h). Despite the very low
U content in monazite, the composition of the altered and
pristine monazites in a Tera–Wasserburg diagram
(207Pb/206Pb vs. 238U/206Pb) is informative, especially
regarding the inﬂuence of common Pb (Fig. 9). In this
diagram, seventeen analyses of altered monazites (grey
ellipses) deﬁne a linear trend which intercepts the con-
cordia curve at 312 ± 10 Ma, which is the same age,
within error, as the one obtained for the concordant pristine
monazites (empty ellipses). The upper intercept at
4,975 ± 4 Ma corresponds, within error limits, to the
207Pb/206Pb isotopic composition of common Pb calculated
at 307 Ma, according to the Stacey and Kramers (1975) Pb
Fig. 5 BSE images of Charron
monazites. Monazite is
associated with apatite (a, c, d)
and biotite (a, b) is in the
groundmass (e), or is in
spherulite (f). It is euhedral
(b, d, f) to sub-euhedral (c, e).
Numbers correspond to
microprobe analyses reported in
Table 3, and circles show the
location of LA-ICPMS pits
(7 lm) and their corresponding
208Pb/232Th ages in Ma
(2r level). Ap apatite, Bt biotite,
Gdm groundmass,
Kfs K-feldspar, Mnz monazite,
Ms muscovite, Pl plagioclase,
Qtz quartz, Rt rutile,
Sph spherulite, CHA Charron
microgranite





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































evolution model. Five analyses of altered monazites
(dashed ellipses, Fig. 9) have been excluded because they
are slightly offset to the right of the trend, suggesting
discordance. This is probably due to the incorporation of
Pb in unstable crystallographic sites of the altered monazite
(see discussion below).
Only one monazite grain (MTXX6-a) in the groundmass
displays older concordant 208Pb/232Th and 206Pb/238U ages
(at 545 ± 12 and 542 ± 7 Ma), without evidence of
common Pb contamination (Fig. 9). These result suggest
the presence of inherited grains in this microgranite (Table
S3).
U–Th–Pb results in the Charron microgranite
Twenty-three analyses in seventeen monazite grains dis-
play 208Pb/232Th apparent ages ranging from 270 ± 5 to
328 ± 6 Ma (Fig. 10; Table S3) with two main groups at
288 ± 3 and 315 ± 7 Ma. Whether the monazites are
included in minerals or in the groundmass, the age
spreading is the same. 206Pb/238U apparent ages are older
due to a contamination of common Pb in most of the
analyses. In a Tera–Wasserburg diagram, the data are
strongly scattered. Even the concordant analyses are dis-
tributed from 291 to 324 Ma, which corresponds to the
same range as the Th–Pb ages. These results, obtained by
both U–Pb and Th–Pb systems, suggest the presence of
inherited components (Fig. 10). In the Tera–Wasserburg
diagram, two groups of ages can be distinguished (except
for one data point, CHA4-i, which has a 206Pb/238U young
apparent age at 276 ± 6 Ma). Considering only concordant
data, the older group yielded a U–Pb age at 316 ± 6 Ma
(MSWD = 1.8; n = 4), whereas the younger group yiel-
ded a U–Pb age at 297 ± 4 Ma (MSWD = 2.6; n = 6).
Both groups of ages, that is, around 316 and 297 Ma, are
very consistent with the density distribution of the Th–Pb
ages, which is less disturbed by the Pb contamination
owing to the high abundance of Th in monazite.
Oxygen isotope analyses
Oxygen isotope analyses were performed at Geosciences
Rennes (see electronic supplementary material S2 for the
analytical methods), on four samples from the Montasset
microgranite (MT93-5; MT93-9; MTXX4; and MTXX6A)
and on one sample from the Charron microgranite
(Table 5; Fig. 11), in which monazite grains were ana-
lysed. The analytical precision is about ±0.2 %.
The d18O values of quartz (d18OQtz) from the Montasset
microgranite are in the range of 11.2–11.7 %, slightly
lower than the Charron ones (d18OQtz = 12.2 %). These















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































All monazites from Montel et al., 2001
All monazites, this study
Montasset microgranite
Pristine monazites enclaves, this study.
Pristine monazites  from Montel et al., 2001.Pristine monazites, this study.










































Fig. 6 Chemical composition of monazites from the Montasset and
Charron microgranites. a Ternary diagram La?Ce?Nd?Pr–
U?Th?Pb–Sm?Gd?Y (per formula for 4 oxygens) showing the
distribution of monazites from the Charron and Montasset microg-
ranites amongst the main end members: monazite s.s., actinides end-
member and mid-heavy REE phosphates. b U?Th?Pb versus Ca–Si
diagram (per formula for 4 oxygens) showing the relative proportion
of brabantite and huttonite substitutions. c Pb versus Th diagram
(ppm) in the Montasset and Charron microgranites. d Pb versus U
diagram (ppm) in the Montasset and Charron microgranites. e U
versus Y diagram (ppm) in the Charron microgranite. f La (black
stars) or Gd (grey stars) versus Y diagram (ppm) in the Charron
microgranite




of SiO2 (Taylor 1968) and provide the magmatic signature
of the unaltered rock. The d18O value of the whole rock
(d18OWR) is nearly constant for the Montasset samples at
11.3–11.7 %. In the Charron sample, the d18OWR value is
14.7 %. The feldspar isotopic composition varies from
11.4 to 12.5 % in the Montasset samples and is much
higher in the Charron sample (d18OKfs = 15.7 %). As a
rule, the isotopic fractionation between quartz and feldspar
(D18OQtz-Kfs = d
18OQtz - d
18OKfs) is negative, ranging
from -0.1 to -1.0 % for the Montasset samples, and is
-3.5 % for the Charron sample. These results show that
the minerals did not preserve the magmatic isotopic equi-
librium where d18OQtz is normally higher than d
18OKfs
(Taylor 1968), which indicates hydrothermal post-solidus
alteration of the rock and most likely relates to a partial or
total isotopic reequilibration of feldspar with an invading
ﬂuid (Taylor 1968; Boulvais et al. 2007).
Discussion
Evidence of the ﬂuid–monazite interaction via elements
transfer
Fluid/rock interaction in the Charron and the Montasset
microgranites
The reverse (i.e. negative) quartz-feldspar oxygen isotope
fractionation in the Montasset and Charron samples
(Fig. 11; Table 5) is proof of at least one post-solidus
hydrothermal alteration in both microgranites. This is
consistent with petrographic observations, such as plagio-
clase albitisation, K-feldspars sericitisation, cordierite
pinitisation and muscovite crystallisation observed in both
the Montasset and the Charron microgranites. However, in
the Montasset microgranite, the ﬂuid–rock interaction is
Fig. 7 X-ray maps (Th, Y, La) of pristine (a) and altered (b, c)
monazites from the Montasset microgranite and pristine monazite
from the Charron microgranite (d); a MTXX6A-j; b MTXX6A-b;
c MTXX3-a; d CHA4-z. Circles show the location of ICPMS laser
ablation pits (7 lm) and their corresponding 232Th–208Pb ages (2r
level)




more easily recognisable than in the Charron microgranite.
Biotite chloritisation, ﬂuorite, calcite, Th-silicate and syn-
chysite crystallisation suggest speciﬁc physicochemical
conditions during the ﬂuid interaction and are totally
missing in the Charron microgranite. Despite the slightly
heterogeneous composition of monazite from the Charron
microgranite, the textures (e.g. euhedral shape) suggest the
lack of signiﬁcant reaction between monazite and ﬂuid. In
Montasset, apart from the preserved monazite included into
garnet and quartz, all monazite grains in the groundmass
(except for MT93-5-e) are corroded and partially or almost
totally replaced by Th-richer and LREE-poorer newly
formed monazite and/or by secondary minerals (apatite,
thorite, synchysite and quartz). This feature is commonly
associated with dissolution/precipitation processes in the
presence of a reactive ﬂuid (Putnis 2002; Fo¨rster 2001;
Broska et al. 2005; Hetherington and Harlov 2008).
Element mobility during the monazite alteration
in the Montasset microgranite
During the dissolution/precipitation processes in the mon-
azite from the Montasset samples, elements such as LREE,
P, Y, U and Th were released. At least a fraction of these
elements was then redistributed among the secondary
minerals and the newly formed monazites. This new
monazite always occurs as new domains replacing the
initial monazite and never crystallises in the groundmass
independently of an initial precursor, suggesting rather
pseudomorphic dissolution-precipitation of monazite
(Wawrzenitz et al. 2012). Nevertheless, the elements
coming from the primary monazite move at least at the
grain scale, as evidenced by the presence of thorite and
synchysite in the rock. The abundance and spatial distri-
bution of the synchysite both indicate that most of the
LREE were preferentially transported over short distances
by the ﬂuid and combined with Ca, F, and CO2 to form
synchysite (Fo¨rster 2001; Agangi et al. 2010). Y, P, and
Table 4 Electron microprobe analyses (wt.%) of monazites from the Charron microgranite (CHA)
Analyses 1 2 3 4 5 6 7 8 9 10 11 12
Microgranite CHA CHA CHA CHA CHA CHA CHA CHA CHA CHA CHA CHA
Samples cha4 -a cha4 -a cha4 -a cha4-c cha4-c cha4-f cha4-f cha4-f cha6-i cha6-i cha6-c cha6-c
Location Bt Bt Bt Ap Ap Ap Ap Ap Gdm Gdm Sph Sph
SiO2 0.39 0.49 0.47 0.39 0.40 0.37 0.25 0.38 0.38 0.33 0.22 0.25
CaO 1.87 2.35 1.88 2.54 2.56 2.18 2.07 2.14 1.25 1.16 1.99 2.11
P2O5 30.67 31.06 30.81 30.70 30.95 30.87 30.83 30.85 30.90 31.84 31.10 32.21
La2O3 27.02 25.14 26.35 26.92 25.20 10.26 11.76 10.39 13.67 13.87 11.72 11.16
Ce2O3 11.94 11.06 12.02 11.20 10.55 25.40 26.06 25.00 28.51 28.98 25.32 24.90
Pr2O3 2.67 2.95 2.87 2.87 2.98 2.96 3.03 2.83 2.96 3.08 3.00 2.98
Nd2O3 11.38 10.54 11.08 10.36 11.08 11.20 10.43 10.51 11.06 11.08 10.07 9.76
Sm2O3 1.80 2.20 1.83 1.86 2.26 2.29 2.24 2.08 1.69 1.49 2.18 2.37
Gd2O3 1.19 1.31 1.11 1.43 1.37 1.51 1.46 1.42 0.93 0.87 1.91 1.76
Y2O3 0.66 1.04 0.66 0.87 1.15 1.22 1.39 1.53 0.69 0.77 2.04 2.20
ThO2 9.47 11.57 10.08 9.10 10.26 10.69 9.35 10.24 6.73 4.98 8.69 8.95
UO2 0.34 0.39 0.29 0.40 0.60 0.49 0.64 0.64 0.28 0.28 0.92 1.56
PbO 0.12 0.17 0.13 0.13 0.17 0.14 0.13 0.14 0.08 0.06 0.15 0.16
Total 99.43 100.15 99.48 98.68 99.40 99.47 99.50 98.04 99.06 98.72 99.18 100.22
Ca/Th ? U 0.90 0.92 0.85 1.09 1.11 0.92 0.98 0.93 0.84 1.04 0.97 0.95












Age of pristine monazites 








Fig. 8 206Pb/238U versus 208Pb/232Th diagram of analyses in pristine
monazites from the Montasset microgranite giving a concordant age
at 307 ± 2 Ma




some Th were incorporated into secondary and scarce
Th-silicates and ﬂuoro-apatite (Hetherington and Harlov
2008; Hecht and Cuney 2000; Mathieu et al. 2001; Broska
et al. 2005). The compositions of the altered monazite
show that Th was widely incorporated in the newly formed
monazite domains with Y, P and the remaining LREE. As a
Table 5 Oxygen isotope composition of quartz and feldspar, and whole rock analysis from samples MT93-5, MT93-9, MTXX6A, and MTXX4
from the Montasset microgranite, and CHA from the Charron microgranite
Microgranite Samples d18O (WR) d18O (Qtz) d18O (Kfs) D18O (Qtz-Kfs)
Montasset MT93-5 11.6 11.2 11.8 -0.3
Montasset MT93-9 11.3 11.5 12.5 -1.0
Montasset MTXX6A 11.7 11.3 11.4 -0.2
Montasset MTXX4 11.7 11.7 11.9 -0.3
Charron CHA 14.7 12.2 15.7 -3.5
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diagram of analyses in
monazites from the Charron
microgranite. Filled ellipses
correspond to the analyses
performed on the monazite
grains that recorded the
microgranite crystallisation,
while empty ellipses correspond
to the analyses performed on
inherited monazite grains. Both
ages (297 ± 4 and
316 ± 6 Ma, respectively) were
calculated with the concordant
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Fig. 9 Tera–Wasserburg
diagram of analyses in altered
monazites (ﬁlled ellipses), in
altered monazites affected by Pb
loss (dashed ellipses), pristine
monazites and the inherited
monazite MTXX6A-a (empty
ellipses) from the Montasset
microgranite. Only altered
monazites (ﬁlled ellipses) were
used to calculate the U–Pb age
at 312 ± 10 Ma. In the right
corner: 208Pb/232Th age
probability histogram for all
altered monazites




result, most of the recrystallised monazite domains are
enriched in Th and depleted in LREE (Fig. 6a–d), as
compared to the pristine one. This was already described
for monazites crystals leached by ﬂuids in experiments
(Schmidt et al. 2007; Hetherington et al. 2010). During the
dissolution of the primary monazite, U was distributed
between the newly formed grains, mostly characterised by
a U content similar to that of the pristine one (Fig. 6d,
except two analyses), and the Th-silicates, which are the
only U-bearing secondary mineral containing up to 2 % of
UO2. Similar observations were described by Hetherington
and Harlov (2008) and Hecht and Cuney (2000).
Finally, the Pb content is higher in the altered monazite
grains from the Montasset microgranite than in the pristine
ones. This secondarily incorporated Pb, called here ‘‘excess
Pb’’, may have two different origins: radiogenic and
common. In the Montasset samples, dissolved monazite
(pristine and inherited) is the most important sink of
radiogenic Pb in the rock. To a lesser extent, altered zircon
grains can also provide radiogenic lead. Common Pb cer-
tainly comes from an external source to the rock, probably
provided by the ﬂuid. But it may also have been released
from common Pb-rich minerals, such as rutile (Cherniak
2000 and references therein), during the ﬂuid–rock inter-
action. In the Montasset samples, the excess Pb is mainly
composed of common Pb as evidenced by the isotopic
compositions of the altered monazite analyses in Fig. 9.
The upper intercept, corresponding to a 207Pb/206Pb ratio at
0.856, is very close to the 207Pb/206Pb ratio of the common
Pb at 307 Ma. Indeed, if the radiogenic Pb would be the
most abundant component, the upper intercept of the trend
would crosscut the concordia curve at lower values. This
result is not a surprise since experimental and natural
studies have shown that monazite incorporates Pb during
interaction with a Pb-rich ﬂuid (Seydoux-Guillaume et al.
2002, 2012; Goncalves et al. 2005; Janots et al. 2012).
Wawrzenitz et al. (2012) highlighted that pseudomorphic
dissolution-precipitation of monazite also favours Pb
incorporation. Poitrasson et al. (1996) and Poitrasson et al.
(2000) have shown that common Pb enrichment frequently
occurs during the granite chloritisation. Common Pb
incorporation in altered monazite from pegmatites was also
described by Seydoux-Guillaume et al. (2012) as well as in
Alpine hydrothermal monazite (Janots et al. 2012). Thus, it
seems reasonable to consider that during the ﬂuid–mona-
zite interaction in the Montasset microgranite, newly re-
crystallised monazites have incorporated common Pb.
The process which favoured Pb incorporation within
monazite is not fully understood. Basically, it is assumed
that monazite could not incorporate more than a few ppm
of excess Pb in its crystalline structure (Parrish 1990).
However, Montel et al. (2002a, b) have shown that Pb2?
could replace Ca2? in brabantite to form synthetic
PbTh(PO4)2. By contrast, TEM study of discordant mon-
azite grains (Seydoux-Guillaume et al. 2003) has shown
that Pb could be incorporated as small (*50 nm) Pb-rich
inclusions in monazite. In the Montasset samples, the dis-
cordance of some data (dashed ellipses in Fig. 9) suggests
that the newly formed monazite, which incorporates excess
Pb, has an imperfect crystalline structure allowing sub-
sequent discordance and/or Pb loss. Clearly, further
investigations of the Montasset samples are necessary to
better understand how the Pb could be incorporated into the
newly formed monazite.
Fluids characterisation
Conditions of the ﬂuid/rock interaction
In the Montasset microgranite, chlorite geothermometers of
Cathelineau (1988) and Jowett (1991) yield a temperature
of biotite chloritisation ranging from 250 to 350 C. Given
this low temperature, it could be difﬁcult to ascribe a
hydrothermal-magmatic origin for the ﬂuid (i.e. released
during the ﬁnal crystallisation stages of a molten rock).
However, the shallow depth of microgranite emplacement
could allow fast cooling of a hydrothermal-magmatic ﬂuid,
explaining the low temperature measured. Also, the lack of
strong hydrothermal alteration in the host rocks does not
favour the involvement of large volumes of an externally
derived ﬂuid.
Petrological observations and the compositions of the
interacting phases provide powerful constraints on the ﬂuid
composition. In the two studied microgranites, quartz dis-
solution, plagioclase albitisation and K-feldspar sericitisa-



















Fig. 11 Oxygen isotope composition of quartz, feldspar and whole
rock from Montasset (MT93-5, MT93-9, MTXX6A, MTXX4) and
Charron (CHA). The graph highlights isotopic disequilibrium in all
samples




(Cathelineau 1986; Hetherington and Harlov 2008). In the
Montasset microgranite, the composition of the secondary
minerals (calcite, synchysite, ﬂuorite) implies that the ﬂuid
also transported Ca, F, CO2. Ca may be released from the
plagioclase during albitisation, although albitisation alone
is probably unable to release enough Ca to account for the
large amount of calcic minerals present. Thus, an external
contribution (i.e. Ca provided by the ﬂuid) seems necessary.
Cathelineau (1982) suggested that F can be released by
F-rich biotite during the chloritisation and replaced by OH-
in chlorite. In the pristine biotite (i.e. included in quartz),
the F content is up to 2 %, whereas in the chlorites, it
is\0.5 %. Moreover, ﬂuorite is usually found in chlorite.
All of these evidences suggest that most of the F is origi-
nating from the magmatic biotite and was released during
chloritisation. Finally, CO2 was probably provided by the
ﬂuid because the magmatic paragenesis is poor in CO2-
bearing minerals. To summarise, we suggest that if the
Montasset and the Charron microgranites were both affec-
ted by a similar alkali-bearing ﬂuid certainly linked to their
magmato-hydrothermal story, only the Montasset microg-
ranite displays evidence of another, F-rich alteration.
Theoretically, oxygen isotopes could also provide
information about the origin of the ﬂuid. This is possible
when the ﬂuid/rock ratio is high enough so that the ﬂuid
imposes its isotopic signature to the rock. In the Charron
microgranite, feldspar has acquired a secondary d18O value
(15.7 %) quite different from that expected for a magmatic
signature; this latest being estimated around 10.5–11 %
considering the quartz magmatic value of 12.2 %
(Table 5) and the quartz-feldspar isotopic equilibrium at
600 C near 1.5 %. The value of 15.7 % likely indicates
alteration at rather low temperatures, regardless of the
origin of the ﬂuid involved (surﬁcial, crustal, magmatic).
Nevertheless, thin sections show little evidence of alter-
ation, which is the sign of low ﬂuid/rock ratios. Conse-
quently, we favour an interpretation in which the feldspar
equilibrated with internal ﬂuids, possibly exsolved from a
magmatic reservoir, without excluding some contribution
from the local host rocks. In the more altered Montasset
microgranite, with qualitative evidence of larger amounts
of invading ﬂuids, two superimposed alteration events are
deciphered: a hydrothermal-magmatic one and a Ca-, CO2-
, F-bearing one. In this situation, caution is more than
necessary when discussing oxygen isotopes. Actually, we
can only say that a d18O value of feldspar near 12 % can
be obtained by equilibration at greenschist facies condi-
tions with aqueous crustal ﬂuids of unspeciﬁc origin. To
conclude, the two microgranites host feldspars with distinct
oxygen isotope values, which indicate contrasted ﬂuid–
rock interactions stories. The Charron microgranite may
have interacted with a dominantly magmatic ﬂuid, whereas
the Montasset microgranite may also record the late ﬂux of
a crustal ﬂuid. These scenarios are supported by the pet-
rographic descriptions.
F-bearing ﬂuid versus alkali-bearing ﬂuid: impact
on monazite alteration
In the Charron microgranite, the absence of chemical and
isotopic disturbances in monazite indicates that, during the
hydrothermal-magmatic event, the alkali-rich ﬂuid was not
able to signiﬁcantly destabilise monazite. This is in
apparent contradiction with some experimental studies
(Hetherington and Harlov 2008; Hetherington et al. 2010)
which show that Na?- and K?- bearing ﬂuids can change
the composition of monazite and enhance the growth of
newly formed Th-enriched monazite. However, it must be
noted here that the ﬂuid involved in the Charron evolution
was likely derived from the magma itself and consequently
was certainly in equilibrium with the microgranite and
ﬂowed in limited amounts.
If we compare the Montasset microgranite with the
Charron microgranite, we can consider that the disturbance
of monazite in the Montasset microgranite did not occur
during the alkali-rich hydrothermal-magmatic event, but
more probably during a late post-magmatic event. In the
Montasset microgranite, the Ca, F, CO2 ﬂuid mobilised
LREE, Th, U, P and probably Y (Fig. 12). These elements
have long been considered immobile in aqueous ﬂuids
(Cu¨llers et al. 1973). However, numerous theoretical and
experimental studies have investigated their mobility and
solubility in ﬂuids of varied compositions and especially in
acidic ﬂuids (i.e. CO3
2-, Cl-, SO4
2- and F- -bearing ﬂuids).
In our samples, CO2
- and F- occur in the disturbing ﬂuid.
F-bearing ﬂuids are basically considered to be the most
efﬁcient medium to mobilise and transport LREE, Y (Wood
1990;Haas et al. 1995), Th andU (Keppler andWyllie 1991).
Numerous studies on natural samples conﬁrm the efﬁciency
of monazite breakdown and LREE release in natural
F-bearing ﬂuids (Poitrasson et al. 1996, 2000; Fo¨rster 2001).
Moreover, F- also stronglymobilises zirconium (Rubin et al.
1993) and thus could explain the strong alteration of zircon in
the Montasset samples. Consequently, a F--bearing ﬂuid is
the best candidate to explain the textures and the chemical
changes associated with the Montasset monazite alteration
(Fig. 12). The absence of F- in the ﬂuid interacting with
Charron microgranites could explain why the Charron
monazite was not disturbed during the ﬂuid interaction.
Interpretation of the monazite U–Th–Pb ages
U–Th–Pb ages in the pristine monazites
In the Montasset microgranite, pristine monazite protected
from the F-bearing ﬂuid yielded a concordant 208Pb/232Th




versus 206Pb/238U age at 307 ± 2 Ma (Fig. 8). This age is
interpreted as the crystallisation age of the microgranite,
conﬁrming the result obtained by Montel et al. (2002b) at
306 ± 12 Ma in the same samples. In the groundmass,
only one monazite grain (MT93-5-e) is pristine and yielded
concordant 208Pb/232Th and 206Pb/238U ages at around
305 Ma, the same age, within error, as the microgranite
host. Among the monazite grains in the groundmass, one
grain displays a concordant old age around 540 Ma
(MTXX6A-a) interpreted to be an inherited component.
This monazite grain is slightly altered with a very thin
corona (5 lm) surrounding the core of the grain. The
presence of inherited grains is not surprising considering
the Velay dome results from the melt of old granite dated at
528 ± 9 Ma (Rb–Sr whole rock, R’Kha Chaham et al.
1990). The preservation of this old monazite conﬁrms that
monazite may be highly resistant to high-temperature
processes.
In the Charron microgranite, all monazite grains are
pristine regardless of their textural location. However, the
geochronological results show a large scattering of the
U–Pb and Th–Pb ages, which is partly due to limited
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Stage 2  : No reaction between hydrothermal-magmatic fluid and monazite


















































Fig. 12 Schematic summary of the ﬂuid–rock interactions in the
Montasset and the Charron microgranites, showing the distribution of
the chemical elements between ﬂuids, microgranite, pristine monazite
(Mnz1), newly formed grains of monazite (Mnz2) and secondary
minerals. To the right: the Montasset microgranite story, and to the
left: the Charron microgranite story (inherited domains in Charron
monazite are not considered in this ﬁgure). Stage 1: crystallisation of
monazite 1 associated with the Montasset microgranite crystallisation
at 307 ± 2 Ma and the Charron microgranite crystallisation a`
297 ± 4 Ma. Stage 2: an early hydrothermal-magmatic ﬂuid, com-
posed of alkaline elements, interacts with both microgranites but does
not disturb monazites. Stage 3: a late hydrothermal event responsible
for pristine monazite alteration occurs only in the Montasset
microgranite. An initial ﬂuid, with an unknown composition, interacts
with the minerals of the Montasset microgranite allowing the release
in the ﬂuids of F, CO2, Ca, Si, Pb. CO2 and principally F enhance
monazite dissolution and Th, P, Y, U, Pb* and LREE releasing in the
ﬂuid. These chemical elements (on the right of the monazite) are
recombined with Pb, Si, Ca and F to form new grains of monazite
(Mnz2) and secondary minerals such as quartz (Qtz), apatite (Ap),
thorite (Th), synchysite (Syn). Bt biotite, Kfs K-feldspar, Plag
plagioclase, Rt rutile, Zr zircon
1068 Contrib Mineral Petrol (2013) 165:1051–1072
123 
common Pb incorporation (especially visible with the U–
Pb isotopic systems) and inheritance (Fig. 10). Th–Pb and
U–Pb isotopic systems yielded similar results; ages around
317–320 Ma may reﬂect some inheritance from porphyric
granitic magmas emplaced in the Velay between 330 and
315 Ma (Ledru et al. 2001), whereas the ages at around
297 Ma may correspond to the Charron microgranite
crystallisation, consistent with the emplacement age of the
Velay granite at 301 ± 5 Ma and with the 291 ± 7 Ma
EMPA result of Montel et al. (2002b).
Isotopic disturbance of altered monazites
Th and Pb enrichment in the altered monazite has very
important consequences for the Th/Pb and U/Pb ages. In
the Montasset samples, during the monazite dissolution/
recrystallisation processes, Pb and Th were independently
enriched in variable proportions (Fig. 6). Consequently, the
208Pb/232Th ratio in monazite was disturbed, and the iso-
topic information became confuse. This results in the
scattering of the 208Pb/232Th ages from 274 ± 6 to
691 ± 17 Ma (Fig. 9) and leads to the production of
208Pb/232Th ages that are older, or in some cases (5 anal-
yses out of 22) younger, than the age of the unaltered
monazite (i.e. 307 Ma).
To illustrate this independent behaviour of Pb and Th
during the dissolution/recrystallisation processes, we can
carefully examine one disturbed monazite from the matrix.
In the demonstration, we consider that the excess Pb is only
composed of common Pb which seems reasonable in view
of the isotopic composition of the altered monazite. The
analysis of MTXX4b gave a Th content of around
210,000 ppm (the highest in this sample), a Pb content of
around 6,000 ppm and a 208Pb/232Th age of 347 Ma (Table
S4). Considering that the measured Th content corresponds
to the initial Th content of the pristine monazite, the gen-
erated radiogenic 208Pb for an age of 307 Ma (i.e. the age
of the microgranite) is 3,200 ppm (around 3,400 ppm of
total Pb). The measured total Pb content is 6,000 ppm and
consequently 2,600 ppm are lacking. Considering that the
increase in the age is only due to the incorporation of the
remaining 2,600 ppm of common Pb, the newly calculated
208Pb/232Th age becomes 437 Ma. This age is much older
than the measured age of 347 Ma. Similarly, the amount of
common Pb required to increase the Th–Pb initial age of a
307 Ma monazite to the measured 347 Ma age, considering
an initial Th content of 210,000 ppm, is only 800 ppm.
Finally, this monazite at 347 Ma should contain around
4,200 ppm of total Pb (3,400 ppm of initial radiogenic
Pb ? 800 ppm of common Pb), which is well below the
measured Pb content. The area analysed in this monazite is
too rich in Pb, but also too rich in Th. To reconcile the
respective levels of Th and Pb with the measured
208Pb/232Th age, the incorporation of common Pb alone
cannot explain the disturbance of the age. We have to
consider that during the interaction between the ﬂuid and
the monazite, common Pb and Th were also incorporated
simultaneously in the newly crystallised domains. Thus,
the measured Th content which is very high compared to
pristine monazite does not correspond to the initial Th
content. Finally, although this calculation approximates the
isotopic composition of Pb, it helps to show that the Th/Pb
ratio is highly fractionated during the interaction with ﬂu-
ids. The calculation made for this example could be
renewed on all altered monazite from the groundmass. It is
in agreement with the electron probe analyses showing an
increase in Th and Pb in the altered monazite grains
(Fig. 6c). Similarly, Wawrzenitz et al. (2012) showed Th/
Pb fractionation in metamorphic monazite during interac-
tion with ﬂuids, resulting in too old and too young isotopic
age domains.
The U/Pb system also provides an age scattering,
ranging from 292 ± 7 to 4,872 ± 84 Ma (206Pb/238U ages)
and from 361 ± 10 to 4,930 ± 30 Ma (207Pb/235U).
Because U content remained nearly constant during the
monazite/ﬂuid interaction (Fig. 6d; Table 4), the distur-
bances of the U/Pb ages are mostly due to the incorporation
of excess Pb. In the Tera–Wasserburg diagram (Fig. 9),
this is well illustrated by a strong scattering of the analyses
with a signiﬁcant common Pb contribution along a linear
trend intersecting the concordia curve at 312 ± 10 Ma.
This latter age is similar, within error, to the age of the
pristine monazite. These results suggest that the U/Pb*
ratio (Pb* = radiogenic lead) is not fractionated during the
dissolution/recrystallisation processes in the presence of
ﬂuids, and consequently, the U/Pb ages are only ‘‘diluted’’
by the common lead contamination. The observed differ-
ences in the behaviour of U and Th reﬂect a fractionation of
the Th/U ratio during the ﬂuid–rock interaction as reported
by Janots et al. (2012) in hydrothermal monazites.
Conclusions
In the Montasset microgranite, pristine monazite grains
armoured in garnet, quartz or K-felspar are well preserved,
whereas F, released during biotite chloritisation, enhanced
the partial dissolution of the monazite in the groundmass
(Fig. 12). LREE were preferentially combined with Ca, F
and CO2 to form synchysites. Th was incorporated into the
newly formed (and Th-rich) monazite domains or precipi-
tated as thorite. U was incorporated into altered monazite
in similar proportions than in the pristine monazite, and
into synchysite. Pb, probably coming from the ﬂuid, is
incorporated into the altered monazite in variable propor-
tions. The different behaviours of these elements, during




the dissolution/crystallisation processes, have signiﬁcant
consequences on the Th/Pb and U/Pb ages. Firstly, excess
Pb increased the measured age of the altered monazite.
Secondly, the relatively higher mobility of Th, compared to
U, induced variability of the Th/Pb ratio and of the
208Pb/232Th ages, giving ages both older and younger than
those in the pristine monazite. By comparison, the U/Pb
ages were only affected by the moderate Pb contamination.
In the Charron microgranite, compositional and isotopic
variations of monazite are only due to the presence of
inherited domains. Although the oxygen isotope data and
petrological observations show interactions with ﬂuid, the
composition of the ﬂuid (probably only alkaline) did not
trigger the destabilisation of the monazite, even in the
matrix. Thus, the Th/Pb and U/Pb magmatic ages were
preserved.
This study demonstrates that:
• The chemical composition of the ﬂuid is one of the
most important parameters for the disturbance of the Th
and U isotopic systems in monazite.
• F- and CO2-rich ﬂuids induce strong dissolution and
recrystallisation processes in monazite and enhance Th
mobility, while alkaline ﬂuids do not modify the
isotopic composition. Consequently, the Th/Pb system
is more disturbed during F-rich ﬂuid interaction than
the U/Pb system.
• Fluid–rock interaction favours the incorporation of Pb
in the newly formed monazite domains.
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Enregistrement d’évènements métamorphiques 
successifs au cours d’un cycle polymétamorphique: 
exemples des métapélites du Rhodope Central 
(Bulgarie, Grèce). 
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The record of distinct high-grade metamorphic events in monazite from 
garnet-kyanite metapelites of the Central Rhodope (Bulgaria, Greece): a 
textural, chemical and in situ dating study 
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Site Sidi Sidi Sidi Sidi Sidi Sidi Sidi Sidi Chep Chep Chep Chep Chep Chep Chep
Samples P03-9b P03-9b P03-9b P03-9b P03-9a P03-9b P03-9b P03-9b P04-630 P04-630 ZA877 P04-630 P04-630 P04-630 ZA877
location M1i (grt) M1i (grt) M1m M1m M2r M2r M2r M0 M1i (grt) M1i (grt) M1m M1m M1m M2r M2r
SiO2 0.05 0.15 0.28 0.35 0.92 0.28 0.27 0.04 0.47 0.16 0.11 0.07 0.16 0.33 0.12
CaO 1.50 0.75 2.13 1.16 1.25 1.25 0.87 0.29 1.13 1.17 1.10 1.03 1.04 1.04 0.90
P2O5 30.06 29.58 28.64 29.55 29.35 29.28 30.88 30.21 30.27 30.10 29.29 29.88 30.40 29.96 30.28
La2O3 14.41 13.04 15.17 13.90 12.78 13.37 12.60 18.01 14.63 14.63 15.31 14.47 15.41 14.81 14.87
Ce2O3 32.14 32.72 31.02 30.86 29.73 28.85 27.63 37.71 28.57 28.92 30.49 29.16 29.60 28.43 29.90
Pr2O3 2.35 2.68 2.37 2.81 2.64 3.05 2.89 2.58 2.91 2.82 3.32 2.75 3.18 2.86 3.31
Nd2O3 9.53 11.65 10.44 10.22 11.09 11.28 12.62 8.71 10.62 10.78 11.15 11.72 11.54 11.60 11.37
Sm2O3 1.18 2.33 1.78 1.78 2.06 2.29 2.17 0.50 1.38 1.48 2.08 1.81 1.74 1.84 1.93
Gd2O3 0.66 1.75 0.71 0.95 1.29 1.60 2.17 0.35 1.10 1.48 0.95 1.15 0.86 1.80 1.42
Y2O3 0.49 0.72 0.26 0.53 1.32 1.39 2.00 0.30 0.29 0.67 0.36 0.49 0.20 1.06 1.14
ThO2 6.23 3.43 4.66 4.20 6.08 4.03 3.50 0.97 5.97 4.97 4.84 4.12 5.03 4.47 4.25
UO2 0.83 0.51 0.40 0.88 0.66 0.66 0.73 0.14 0.29 0.48 0.46 0.56 0.16 0.45 0.43
PbO 0.03 0.03 0.04 0.00 0.03 0.02 0.00 0.00 - - 0.01 0.06 0.01 0.00 0.02
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Sidironero - P03-9 - Cenozoic matrix rutiles
n°
Zr (2σ) ppm 206 (51) 241 (63) 205 (55) 247 (68) 221 (62) 257 (74) 222 (65) 215 (65) 273 (84)
Watson et al. (2006)
613 (56) 625 (62) 613 (59) 627 (65) 618 (63) 630 (69) 618 (66) 616 (66) 635 (76)
Ferry et watson (2007)
614 (56) 626 (67) 614 (59) 628 (72) 619 (66) 631 (77) 620 (69) 617 (69) 636 (87)
Chepelare - P04-630 - Cenozoic matrix rutiles
n° 1 2 3 4 5 6 7 8 9 10
Zr (2σ) ppm 267 (18) 288 (19) 438 (30) 453 (31) 361 (25) 421 (29) 383 (26) 641 (44) 394 (27) 308 (21)
Watson et al. (2006)
633 (34) 639 (35) 674 (38) 677 (38) 658 (36) 671 (38) 663 (37) 709 (43) 665 (37) 645 (35)
Ferry et watson (2007)
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Zr (2σ) ppm 164 (32) 176 (35) 307 (61) 247 (51) 255 (53) 272 (58) 266 (58) 220 (14) 270 (17) 232 (22) 171 (16) 276 (26)
Watson et al. (2006)
T (2σ) °C 596 (43) 601 (45) 644 (57) 627 (53) 629 (54) 634 (57) 633 (57) 618 (32) 634 (34) 622 (35) 599 (33) 636 (37)
Ferry et watson (2007)
T (2σ) °C 597 (39) 602 (41) 645 (65) 628 (56) 631 (58) 636 (63) 634 (63) 619 (25) 635 (27) 623 (30) 600 (26) 637 (33)
10 11 12
Sidironero - P04-44 - Cenozoic rutile
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Sidironero - P10-8 - Cenozoic and metamict zircons
n°
Ti (2σ) ppm 21 (2) 8.1 (2) 23 (3) 17 (12) 19 (2) 26 (2) 11 (1) 7.5 (1) 17 (2)
Watson et al. (2006)
T (2σ) °C 811 (27) 723 (26) 818 (33) 788 (69) 799 (27) 833 (31) 753 (24) 717 (24) 788 (30)
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Mesure des éléments en trace par LA-ICP-MS et 
cartographie à la NanoSIMS : application aux 
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Moyenne ecart-type Moyenne ecart-type Moyenne ecart-type Moyenne ecart-type Moyenne ecart-type
P - - - - - - 122615 772 115945 579
Ca - - - - - - 3029 121 7104 127
Si - - - - - - 6234 359 10724 243
Sr 2 0 20 1 20 2 - - - -
Y 5712 108 1718 37 1702 45 5703 363 1728 233
La (std Int) 119376 0 115112 0 115290 870 120314 1444 115170 791
Ce 236192 1095 223641 1258 223923 2073 253119 2540 237242 1358
Pr 26602 186 23474 140 23467 206 28675 1365 24878 1215
Nd 91255 781 82106 664 82405 689 91566 2171 81915 1828
Sm 18558 157 9794 148 9828 143 17890 1243 9367 1254
Eu 369 5 32 1 32 1 - - - -
Gd 8094 150 4098 85 4113 53 8926 1202 3810 1079
Tb 769 13 283 6 283 3 - - - -
Dy 2369 38 745 14 744 7 - - - -
Ho 229 5 71 2 70 1 - - - -
Er 380 8 91 3 91 1 - - - -
Tm 42 1 6 0 6 0 - - - -
Yb 220 6 20 1 19 0 - - - -
Lu 20 1 2 0 2 0 - - - -
Pb (2563) (85) (5285) (157) 3515 86 1676 178 3610 167
Th 64436 2017 118591 1889 2357 56 64732 2609 121331 826
U (978) (40) (1304) (30) 120527 2100 1718 310 2669 256
LA-ICP-MS EPMA
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NanoSIMS isotope and chemical mapping coupled to in situ U-Th-Pb 
dating and trace elements measurements of monazite from 
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Sample SK8-9(X)2 SK8-9(X)2 SK8-9(4)2 SK8-9(2)4 SK8-9(2)4 SK8-9(X)2 SK8-9(X)2 SK8-9(X)2 SK8-9(X)2
Location xenol i th ss . xenol i th ss . corona xenol i th ss .xenol i th ss .xenol i th ss . xenol i th ss . xenol i th ss . xenol i th ss .
Domain M1 M1 M1 M2 M2 M2 M3 M3 M3
P2O5 29.25 28.13 29.56 29.81 29.40 30.16 29.06 30.90 28.30
CaO 1.26 1.27 1.59 0.72 0.57 1.32 1.48 1.58 1.89
SiO2 0.11 0.42 0.18 0.12 0.24 0.07 0.18 0.44 2.29
Y2O3 0.59 0.08 0.30 2.62 0.85 2.61 0.34 0.30 0.00
La2O3 14.71 14.47 16.79 14.32 15.72 14.43 14.71 14.12 13.41
Ce2O3 28.17 27.06 29.90 27.87 29.71 27.22 28.95 28.20 26.60
Pr2O3 2.94 3.33 3.17 3.14 3.06 2.98 3.16 3.21 3.23
Nd2O3 11.56 12.00 10.99 11.68 11.89 10.93 12.04 11.81 11.53
Sm2O3 2.08 2.04 1.43 1.69 1.82 1.61 1.57 1.74 1.15
Gd2O3 1.32 1.36 1.07 1.56 1.50 1.65 0.93 1.01 0.40
PbO 0.01 0.14 0.02 0.00 0.00 0.00 0.00 0.00 0.04
ThO2 4.12 7.39 4.00 3.48 3.28 4.34 5.79 4.87 8.47
UO2 0.80 0.67 0.47 0.14 0.24 0.28 0.20 0.14 0.50
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Sample M1 M1 M1 M2 M2 M2 M3 M3 M3
Location xenol i th ss . xenol i th ss . xenol i th ss . l i txenol i th ss . xenol i th ss . xenol i th ss . i txenol i th ss . xenol i th ss . xenol i th ss .
Domain SK8-9(4)2 SK8-9(4)2 SK8-9(2)4 SK8-9(2)4 SK8-9(2)4 SK8-9(2)4 SK8-9(2)4 SK8-9(2)4 SK8-9(2)4
Sr 204 512 766 83 46 73 93 42 623
Y 4248 430 1505 7164 9375 8311 1850 4049 2136
La 125345 128755 124492 134724 130461 119376 126197 134724 119376
Ce 223612 224066 220910 257169 234294 219514 235804 235958 222836
Pr 25200 25256 24907 27985 26091 24305 26642 25502 24743
Nd 97852 98369 95106 110831 99418 93792 100677 97124 93794
Sm 17674 15851 16531 19604 16316 15543 15118 14932 15181
Eu 2172 2093 2297 753 379 558 552 270 543
Gd 13350 7681 10165 14444 12179 10591 6900 9968 9255
Tb 1153 297 609 1161 1133 962 417 743 570
Dy 2708 342 1154 3201 3829 3326 975 2154 1296
Ho 173 16 65 309 440 377 80 202 103
Er 138 22 51 360 543 557 101 200 109
Tm 6 1 2 20 31 44 6 9 6
Yb 17 6 7 66 93 173 22 25 20
Lu 1 1 1 5 8 16 2 2 1
Pb 109 124 607 26 20 28 30 20 32
Th 37835 38145 35408 40567 27270 39065 40804 29100 35315
U 10960 9507 9469 3957 2738 3030 6513 1756 2231
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CaO Y2O3 SiO2 La2O3 Ce2O3 Pr2O3 Nd2O3 Sm2O3 Gd2O3 P2O5 PbO UO2 ThO2 Total
Cette étude
0.45 0.72 1.02 14.45 30.33 3.51 10.86 1.99 0.75 28.38 0.14 0.09 6.15 98.75
0.40 0.63 1.22 14.37 30.05 3.60 10.47 2.01 1.04 28.13 0.16 0.17 6.99 99.14
0.41 0.67 1.04 14.48 29.99 3.18 10.72 2.06 1.22 28.47 0.19 0.16 6.45 99.04
0.31 0.75 1.28 14.19 29.94 3.31 10.83 2.09 0.90 28.13 0.18 0.19 7.31 99.43
0.31 0.69 1.35 14.13 29.72 3.18 10.25 2.06 1.07 28.16 0.17 0.20 7.14 98.43
0.30 0.71 1.31 14.14 29.61 3.51 11.11 2.24 0.95 28.02 0.17 0.17 7.31 99.56
0.31 0.70 1.30 14.17 29.77 3.10 10.50 1.98 1.03 28.09 0.18 0.18 7.16 98.47
0.33 0.72 1.33 14.25 29.55 3.63 10.82 2.06 1.00 28.32 0.17 0.17 7.11 99.45
0.32 0.70 1.35 14.06 29.72 3.23 10.99 2.25 0.85 28.23 0.17 0.24 7.20 99.31
0.32 0.68 1.29 14.16 29.68 3.16 10.82 2.05 0.85 28.45 0.16 0.21 7.21 99.03
0.32 0.69 1.30 14.09 29.46 3.15 10.91 2.18 1.18 28.09 0.15 0.20 7.24 98.95
0.30 0.73 1.30 14.15 29.57 3.19 10.89 2.33 0.99 28.32 0.17 0.20 7.18 99.31
0.31 0.76 1.36 14.03 29.84 3.40 11.01 2.18 0.88 28.60 0.17 0.19 7.21 99.93
0.32 0.70 1.33 13.98 29.85 3.46 10.66 1.99 1.14 28.23 0.19 0.15 7.34 99.33
0.33 0.69 1.33 13.97 29.56 3.28 10.65 2.02 1.07 28.09 0.19 0.20 7.29 98.65
0.32 0.65 1.26 14.23 29.77 3.24 10.91 2.10 1.34 28.35 0.15 0.16 7.28 99.77
0.39 0.65 1.33 14.16 29.57 3.55 10.57 1.87 0.97 28.09 0.18 0.19 7.40 98.83
0.45 0.73 1.25 14.18 29.78 3.31 10.53 1.99 1.01 28.13 0.19 0.18 7.22 98.87
0.43 0.72 1.24 14.17 29.91 3.48 10.98 2.15 1.16 28.03 0.18 0.15 7.04 99.54
0.42 0.69 1.32 14.12 29.82 3.43 10.87 1.97 1.00 27.98 0.19 0.19 7.29 99.18
0.32 0.67 1.32 14.07 29.64 3.50 10.97 2.40 0.81 28.13 0.15 0.22 7.41 99.60
0.32 0.70 1.34 14.27 29.75 3.42 10.96 2.25 1.25 28.09 0.17 0.21 7.19 99.92
0.32 0.73 1.27 14.21 29.85 3.25 10.70 2.01 0.99 28.17 0.19 0.14 7.19 99.03
0.35 0.68 1.33 14.14 29.84 3.43 10.49 1.99 1.18 27.87 0.17 0.18 7.20 98.85
0.32 0.66 1.34 13.99 29.87 3.48 10.38 2.24 1.25 27.98 0.20 0.19 7.30 99.19
0.34 0.79 1.38 14.20 29.64 3.29 10.65 2.20 0.90 27.95 0.18 0.20 7.72 99.42
0.34 0.74 1.37 14.16 29.78 3.38 11.24 2.08 0.87 28.07 0.20 0.23 7.60 100.07
0.33 0.68 1.37 14.18 29.70 3.25 10.32 2.17 0.92 27.99 0.16 0.14 7.68 98.90
0.33 0.74 1.38 14.03 29.64 3.32 10.58 1.88 0.86 28.06 0.20 0.21 7.57 98.80
0.33 0.75 1.37 13.98 29.66 3.08 11.03 2.17 0.94 27.97 0.20 0.20 7.77 99.45
0.29 0.73 1.43 14.07 29.45 3.27 10.47 2.09 1.05 28.07 0.20 0.30 7.70 99.11
0.32 0.72 1.46 14.01 29.59 3.38 10.45 2.20 1.05 28.27 0.19 0.19 7.59 99.44
0.32 0.70 1.41 13.95 29.69 3.33 11.04 2.17 1.02 28.10 0.19 0.21 7.74 99.87
0.31 0.67 1.42 14.23 29.62 3.32 10.83 2.12 1.00 28.01 0.21 0.24 7.65 99.63
0.31 0.67 1.40 14.15 29.47 3.36 10.83 2.15 1.10 27.88 0.22 0.23 7.62 99.39
0.33 0.63 1.42 14.10 29.65 3.38 10.59 2.11 1.09 28.08 0.16 0.22 7.64 99.39
Analyses chimiques de Moacyr - microsonde électronique
(en wt.%)
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



















Analyses chimiques de Moacyr (suite) - microsonde électronique
CaO Y2O3 SiO2 La2O3 Ce2O3 Pr2O3 Nd2O3 Sm2O3 Gd2O3 P2O5 PbO UO2 ThO2 Total
Cette étude
0.30 0.75 1.37 13.89 29.70 2.93 10.98 1.89 0.84 28.19 0.17 0.22 7.45 98.67
0.32 0.75 1.44 14.15 29.58 3.70 10.70 2.32 1.12 28.01 0.21 0.20 7.59 100.08
0.34 0.76 1.32 14.17 29.72 3.61 10.89 1.85 1.22 28.10 0.18 0.17 7.28 99.61
0.28 0.78 1.34 14.25 29.71 3.34 10.87 1.89 0.89 28.24 0.19 0.23 7.25 99.27
0.32 0.76 1.32 14.21 29.80 3.24 10.79 2.28 0.87 28.16 0.18 0.18 7.26 99.37
0.30 0.72 1.33 14.34 29.83 3.25 10.55 2.47 0.84 28.23 0.21 0.19 7.38 99.63
0.31 0.70 1.27 14.23 29.95 3.45 10.79 1.96 1.03 28.16 0.19 0.26 7.18 99.47
0.31 0.76 1.33 14.18 29.76 3.47 10.66 2.21 1.13 27.98 0.16 0.20 7.12 99.25
0.34 0.71 1.30 14.22 29.82 3.85 11.01 1.84 0.99 28.01 0.15 0.16 7.25 99.64
0.32 0.71 1.29 14.21 29.77 3.45 10.64 1.91 1.03 28.16 0.19 0.18 7.15 99.01
0.32 0.71 1.30 14.22 29.98 3.44 10.74 1.96 0.98 28.11 0.19 0.19 7.13 99.27
0.41 0.72 1.41 14.13 29.48 3.35 10.56 2.20 0.89 27.87 0.19 0.22 7.69 99.03
0.42 0.73 1.38 13.93 29.50 3.14 10.75 2.09 0.95 28.38 0.21 0.26 7.40 99.03
0.44 0.77 1.29 13.94 29.33 3.27 10.47 1.96 1.03 28.09 0.18 0.22 7.49 98.36
0.42 0.79 1.32 14.05 29.60 3.07 10.46 2.14 1.06 27.91 0.16 0.14 7.30 98.31
0.42 0.82 1.40 14.03 29.91 3.37 10.70 2.18 0.84 27.97 0.18 0.14 7.63 99.50
0.41 0.69 1.34 14.01 29.60 3.26 10.62 1.96 1.08 27.71 0.20 0.13 7.50 98.43
0.42 0.76 1.36 14.18 29.77 3.46 10.86 1.86 1.25 27.91 0.22 0.17 7.52 99.64
0.44 0.71 1.28 13.87 28.95 3.39 10.58 2.12 0.89 28.14 0.17 0.22 7.07 97.72
0.43 0.82 1.46 13.37 28.07 3.29 10.14 1.88 1.26 27.99 0.19 0.23 7.82 96.85
0.43 0.72 1.39 13.97 29.18 3.22 10.39 2.02 1.40 27.89 0.21 0.23 7.38 98.34
0.44 0.80 1.22 14.15 29.66 3.28 10.60 1.95 0.83 28.27 0.12 0.21 7.17 98.60
0.40 0.74 1.38 13.93 29.51 3.40 9.98 2.21 1.14 28.04 0.18 0.20 7.38 98.37
0.43 0.87 1.36 14.17 29.41 3.51 10.58 1.98 1.05 27.62 0.19 0.25 7.78 99.08
0.41 0.73 1.37 14.07 29.60 3.47 10.42 2.12 1.14 27.77 0.20 0.16 7.78 99.13
0.43 0.71 1.36 14.33 29.72 3.31 10.71 2.06 1.01 28.16 0.17 0.20 7.40 99.45
0.43 0.78 1.45 13.86 29.29 3.51 10.56 2.11 1.10 28.10 0.17 0.20 7.90 99.36
0.42 0.76 1.41 13.63 29.02 3.21 10.07 1.75 1.12 28.16 0.20 0.20 7.78 97.65
0.42 0.75 1.31 14.13 29.61 3.53 10.62 2.02 1.08 28.23 0.18 0.16 7.42 99.37
0.44 0.82 1.36 14.27 29.60 3.40 10.31 1.93 1.18 27.80 0.16 0.25 7.63 99.04
Seydoux-Guillaume et al. (2002)
0.44 0.71 1.42 14.51 30.59 3.14 10.20 2.05 0.94 27.81 0.16 0.13 6.92 99.18
0.41 0.73 1.14 14.40 30.20 2.96 9.74 2.04 0.82 27.62 0.13 0.15 6.75 97.64
	

0.48 1.44 1.36 14.32 29.20 3.06 11.29 3.06 0.89 28.13 0.16 0.08 7.33 100.80
0.48 1.43 1.35 13.66 27.72 2.94 10.79 2.94 0.96 28.31 0.17 0.08 7.37 98.20
0.48 1.44 1.41 13.71 27.83 2.98 10.83 2.98 0.95 28.67 0.16 0.06 7.33 98.83
0.46 1.43 1.39 14.61 29.66 3.10 11.52 3.10 0.83 28.38 0.16 0.07 7.18 101.89
0.46 1.45 1.41 14.39 29.33 3.11 11.31 3.11 0.97 28.90 0.16 0.07 7.15 101.82





CaO Y2O3 SiO2 La2O3 Ce2O3 Pr2O3 Nd2O3 Sm2O3 Gd2O3 P2O5 PbO UO2 ThO2 Total
	

0.46 1.43 1.43 14.04 29.37 3.11 11.23 3.11 0.99 28.30 0.16 0.06 7.28 100.97
0.46 1.43 1.42 14.42 30.31 3.12 11.56 3.12 0.91 28.33 0.16 0.06 7.26 102.56
Fletcher et al. (2010)
0.47 0.91 1.43 14.1 30.32 3.15 10.5 1.47 0.33 28.79 0.1 0.1 6.92 101.0
0.48 0.88 1.41 14.1 30.08 3.16 10.46 1.51 0.44 28.71 0.08 0.1 6.84 102.6
0.48 0.88 1.46 14 30.4 3.17 10.35 1.46 0.47 29.45 0.07 0.2 6.78 0.0
0.47 0.87 1.5 13.7 30.11 3.23 10.35 1.46 0.24 28.66 0.13 0.1 7.19 0.0
0.48 0.92 1.42 14.1 30.59 3.44 10.47 1.58 0.31 29.08 0.07 0.1 7.02 98.6
0.48 0.9 1.42 14.2 30.23 3.07 10.44 1.55 0.4 28.93 0.15 0.1 6.98 98.2
0.48 0.95 1.4 14 30.08 3.2 10.63 1.69 0.31 28.86 0.1 0.2 6.95 99.1
Fletcher et al. (2010)
0.48 0.91 1.34 14 30.41 3.23 10.34 1.55 0.4 28.05 0.09 0.1 6.90 98.0
0.47 0.87 1.39 14 30.11 3.17 10.43 1.55 0.39 28.93 0.07 0.1 6.78 99.6
0.49 0.94 1.44 13.8 30.2 3.17 10.5 1.62 0.48 28.89 0.11 0.1 7.01 98.9
0.48 0.93 1.49 14.2 30.22 3.09 10.32 1.57 0.35 28.86 0.11 0.1 7.15 98.8





Annexes 2-B : Composition chimique de Manangoutry. 
 
 
CaO Y2O3 SiO2 La2O3 Ce2O3 Pr2O3 Nd2O3 Sm2O3 Gd2O3 P2O5 PbO UO2 ThO2 Total
Cette étude
0.95 0.19 2.30 13.47 27.74 3.09 9.48 1.12 0.59 26.78 0.40 0.32 13.70 100.13
0.92 0.23 2.34 13.56 27.61 2.80 9.72 1.09 0.31 26.69 0.36 0.35 13.75 99.73
0.91 0.25 2.28 13.41 27.70 2.84 9.57 1.37 0.51 26.48 0.39 0.26 13.84 99.81
0.96 0.20 2.28 13.39 27.51 2.84 9.43 1.20 0.60 26.65 0.40 0.31 13.57 99.36
0.95 0.18 2.35 13.48 27.75 2.71 10.05 1.06 0.27 26.62 0.40 0.31 13.87 100.00
0.94 0.22 2.23 13.54 27.70 3.25 9.53 0.98 0.56 26.82 0.42 0.27 13.76 100.22
0.93 0.27 2.34 13.50 27.52 2.87 9.68 0.89 0.32 26.61 0.40 0.32 13.94 99.59
0.96 0.23 2.32 13.47 27.75 3.00 9.53 0.80 0.34 26.35 0.40 0.35 13.85 99.35
0.95 0.25 2.29 13.35 27.79 3.00 9.18 1.20 0.53 26.45 0.38 0.27 13.92 99.54
0.93 0.25 2.29 13.60 27.87 2.89 9.65 1.15 0.27 26.43 0.42 0.33 13.88 99.96
0.93 0.24 2.27 13.59 27.97 2.72 9.51 1.27 0.44 26.64 0.38 0.31 13.76 100.02
0.90 0.22 2.21 13.60 27.73 2.88 9.57 1.13 0.36 26.36 0.35 0.33 13.76 99.40
0.95 0.17 2.26 13.48 28.01 2.86 9.28 0.86 0.54 26.49 0.40 0.30 13.76 99.36
0.93 0.17 2.35 13.52 27.87 3.11 9.76 1.15 0.48 26.59 0.38 0.27 13.92 100.50
0.91 0.21 2.25 13.37 28.12 3.00 9.46 1.01 0.21 26.56 0.37 0.28 13.67 99.41
0.91 0.24 2.23 13.50 27.87 2.73 9.76 1.07 0.45 26.46 0.40 0.30 13.87 99.77
0.94 0.24 2.27 13.64 27.88 2.86 9.15 1.08 0.58 26.63 0.38 0.32 13.82 99.78
0.96 0.24 2.43 13.69 27.66 3.02 9.68 1.25 0.40 26.51 0.40 0.29 13.87 100.40
0.98 0.18 2.31 13.48 27.91 2.87 9.55 0.97 0.57 26.69 0.37 0.25 13.81 99.89
Oelker et Poitrasson (2002)
0.85 0.17 2.59 14.40 28.10 2.85 9.33 1.02 0.44 26.50 0.31 0.19 13.00 99.80
Foster et al. (2002)
0.91 0.21 2.29 11.10 27.70 2.67 9.60 1.27 0.38 25.60 0.35 0.25 13.40 95.70
0.96 0.14 2.59 13.60 28.30 3.12 9.75 1.00 0.39 25.50 0.29 0.19 13.40 98.60
Seydoux-Guillaume et al. (2004)
1.03 0.71 2.22 14.04 28.79 2.72 9.15 0.95 0.39 26.46 0.32 0.2 13.25 99.74





Analyses chimiques de C83-32 - microsonde électronique
CaO Y2O3 SiO2 La2O3 Ce2O3 Pr2O3 Nd2O3 Sm2O3 Gd2O3 P2O5 PbO UO2 ThO2 Total
Cette étude
0.35 0.93 0.60 18.45 31.86 3.15 9.75 1.22 0.79 29.02 0.48 0.08 3.03 99.64
0.40 0.93 0.62 18.12 31.90 3.29 9.61 1.31 0.79 29.15 0.43 0.12 3.04 99.63
0.40 0.91 0.59 18.34 32.05 2.89 9.62 1.35 0.57 29.08 0.45 0.07 3.15 99.41
0.40 0.95 0.64 18.45 31.50 3.03 9.25 1.32 0.96 29.14 0.48 0.08 2.95 99.10
0.35 0.89 0.53 18.55 32.40 3.00 9.67 1.37 0.76 28.98 0.36 0.06 2.45 99.32
0.33 0.70 0.61 18.64 32.01 3.03 9.33 0.91 0.89 28.88 0.44 0.06 3.34 99.12
0.38 0.85 0.48 19.07 32.27 2.98 9.44 0.88 0.91 29.45 0.38 0.03 2.67 99.76
0.37 0.94 0.56 18.07 31.89 2.82 9.50 1.07 0.74 28.75 0.40 0.06 2.90 98.02
0.34 0.94 0.58 18.50 31.85 3.22 9.68 1.08 1.00 29.20 0.42 0.06 2.95 99.78
0.39 1.00 0.56 18.31 31.89 2.91 9.56 1.40 0.88 29.32 0.44 0.06 2.75 99.39
0.39 0.96 0.54 18.32 31.72 3.01 9.72 1.18 0.74 29.20 0.45 0.07 2.86 99.10
0.41 0.97 0.60 18.27 31.85 3.33 9.43 1.14 0.89 29.24 0.50 0.09 3.34 99.99
0.39 0.93 0.57 18.25 31.97 3.22 9.91 1.39 1.03 29.02 0.44 0.11 3.11 100.28
0.42 0.93 0.61 18.24 31.60 2.96 9.65 1.44 0.75 29.33 0.43 0.10 3.19 99.58
0.40 0.93 0.59 18.41 31.77 2.93 9.26 1.25 1.03 29.09 0.45 0.04 3.05 99.14
0.34 0.88 0.56 18.57 31.54 3.44 9.61 1.03 0.75 28.82 0.36 0.08 2.86 98.77
0.15 0.60 0.96 18.64 32.06 2.63 9.82 1.12 1.10 27.91 0.45 0.07 3.73 99.18
0.38 0.89 0.58 18.42 31.77 2.95 9.32 1.06 0.76 29.13 0.43 0.04 2.69 98.37
0.41 0.98 0.64 18.09 31.04 3.08 9.57 1.54 0.90 28.97 0.48 0.12 2.89 98.65
0.47 0.72 0.68 18.42 31.59 2.54 9.84 1.24 0.70 28.89 0.48 0.26 3.75 99.52
0.39 0.83 0.59 18.96 32.17 2.84 9.08 1.17 0.56 28.67 0.42 0.12 3.11 98.84
0.36 0.87 0.49 18.46 32.22 3.04 9.73 1.33 0.89 29.23 0.38 0.11 2.67 99.71
0.36 0.79 0.60 19.26 31.93 3.19 8.95 1.03 0.76 29.10 0.37 0.05 2.73 99.08
0.31 0.78 0.52 18.84 32.46 2.92 9.65 0.91 0.62 29.11 0.37 0.04 2.63 99.13
0.32 0.82 0.47 18.41 32.54 3.27 9.73 1.25 0.87 29.32 0.31 0.08 2.57 99.91
0.34 0.82 0.52 18.67 32.09 2.87 9.72 1.45 0.67 29.11 0.40 0.08 2.60 99.27
0.42 0.97 0.61 18.17 31.45 3.26 9.65 1.32 0.78 29.07 0.49 0.09 3.30 99.53
0.38 0.85 0.61 18.62 32.00 2.66 9.63 1.18 0.50 29.05 0.52 0.08 3.36 99.39
0.42 1.00 0.59 17.91 31.71 2.93 9.78 1.05 0.85 28.70 0.46 0.12 3.22 98.68
0.39 0.82 0.65 18.99 31.98 2.85 9.21 1.31 0.63 28.85 0.42 0.12 3.53 99.69





















Annexe 3-A: Supplementary material S1 
Electron microprobe analyses (wt.%) of secondary minerals from Montasset microgranite. 
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Annexe 3-B: Supplementary material S2 
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Annexe 3-C: Supplementary material S3 
Th-Pb and U-Pb results for altered and pristine monazites from Montasset and Charron 
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Annexe 3-D: Supplementary material S4 
U, Th and Pb content calculated with LA-ICP-MS data and their associated 208Pb/232Th ages in 
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CaO Y2O3 SiO2 Ce2O3 La2O3 Pr2O3 Nd2O3 Sm2O3 Gd2O3 P2O5 PbO UO2 ThO2 Total
sample
P04-630  0.39 0.05 0.05 33.76 19.57 2.89 9.41 0.49 0.11 30.87 0.01 0.07 1.54 99.18
P04-630  0.44 0.00 0.02 34.25 17.22 3.36 10.96 0.88 0.14 30.53 0.02 0.06 1.84 99.69
P04-630  0.33 0.00 0.11 34.01 19.12 2.80 9.62 0.37 0.00 30.53 0.05 0.11 1.57 98.62
P04-630  0.42 0.00 0.10 33.50 17.38 2.81 10.08 0.63 0.26 29.30 0.01 0.07 1.73 96.25
P04-630  0.42 0.02 0.10 33.50 18.92 2.80 9.19 0.44 0.20 31.00 0.00 0.03 1.64 98.23
P04-630  0.44 0.08 0.06 33.71 19.38 2.64 9.28 0.64 0.10 30.14 0.03 0.04 1.58 98.09
P04-630  0.42 0.19 0.04 33.59 19.12 2.75 9.47 0.58 0.36 30.46 0.01 0.08 1.86 98.92
P04-630  0.41 0.00 0.02 33.92 19.36 2.91 9.26 0.47 0.15 30.59 0.00 0.03 2.08 99.19
P04-630  0.43 0.06 0.01 34.36 18.64 2.99 9.99 0.44 0.07 30.60 0.00 0.00 1.79 99.35
P04-630  0.37 0.02 0.72 31.53 18.63 2.37 7.90 0.43 0.21 26.88 0.00 0.09 1.71 90.83
P04-630  0.34 0.06 0.02 33.93 19.57 3.04 10.00 0.75 0.08 30.43 0.01 0.08 1.60 99.86
P04-630  0.44 0.05 0.08 33.40 18.84 2.94 10.17 0.49 0.12 30.71 0.00 0.09 1.67 98.96
P04-630  0.38 0.00 0.33 32.22 18.34 2.66 8.95 0.28 0.34 26.96 0.00 0.03 1.67 92.15
P04-630  0.41 0.00 0.04 34.04 19.24 2.83 9.60 0.50 0.04 30.36 0.00 0.04 1.66 98.75
P04-630  0.55 0.00 0.00 33.70 19.45 2.95 9.54 0.47 0.17 30.58 0.00 0.00 1.47 98.87
P04-630  0.40 0.06 0.00 33.84 19.43 2.74 9.69 0.44 0.21 30.73 0.00 0.12 1.79 99.44
P04-630  0.32 0.04 0.02 34.02 17.60 2.86 10.39 0.55 0.20 30.04 0.02 0.00 1.70 97.73
P04-630  0.35 0.04 0.03 34.36 17.21 3.12 10.55 0.67 0.26 29.92 0.01 0.08 1.65 98.23
P04-630  0.39 0.01 0.06 33.65 18.72 3.01 9.99 0.56 0.26 29.41 0.01 0.04 1.63 97.70
P04-630  0.28 0.01 0.04 33.18 22.49 2.29 8.53 0.42 0.15 30.83 0.02 0.05 1.48 99.76
P04-630  0.26 0.02 0.13 33.88 19.43 2.75 9.70 0.36 0.30 30.19 0.00 0.00 1.49 98.50
P04-630  0.27 0.08 0.70 34.18 19.36 3.02 9.44 0.42 0.00 30.63 0.00 0.04 1.59 99.70
P04-630  0.36 0.04 0.15 33.80 19.95 2.56 9.09 0.49 0.00 28.39 0.00 0.02 1.42 96.26
P04-630  1.22 0.30 0.11 29.90 15.31 3.13 10.75 1.73 0.74 30.23 0.06 0.79 4.70 98.86
P04-630  1.08 0.17 0.20 29.47 15.16 3.12 11.53 1.77 0.83 30.38 0.04 0.24 5.22 99.11
P04-630  1.17 0.31 0.06 29.46 15.46 3.02 10.81 1.51 0.90 30.35 0.02 0.65 4.89 98.52
P04-630  1.33 0.16 0.32 28.96 15.21 3.00 11.40 1.50 0.56 30.29 0.07 0.59 6.34 99.64
P04-630  1.03 0.49 0.07 29.16 14.47 2.75 11.72 1.81 1.15 29.88 0.06 0.56 4.12 97.16
P04-630  1.38 0.28 0.23 28.39 15.23 2.65 10.89 1.47 1.12 30.61 0.00 0.17 6.55 98.89
P04-630  1.04 0.20 0.16 29.60 15.41 3.18 11.54 1.74 0.86 30.40 0.01 0.16 5.03 99.27
P04-630  1.07 0.19 0.17 29.87 15.47 3.15 11.64 1.56 1.09 29.98 0.00 0.21 5.18 99.51
P04-630  1.10 0.22 0.16 29.85 15.52 2.87 11.60 1.70 0.97 30.31 0.01 0.21 5.41 99.84
P04-630  1.21 0.34 0.20 29.34 14.99 3.17 11.66 1.80 1.07 29.79 0.02 0.28 4.67 98.45
P04-630  1.50 0.15 0.19 29.23 15.17 2.91 11.13 1.77 0.71 29.78 0.07 0.79 6.35 99.66
P04-630  1.24 0.43 0.10 29.14 14.87 3.29 11.73 1.66 1.20 29.82 0.07 1.30 4.72 99.44
P04-630  0.80 0.23 0.14 30.44 15.23 3.01 11.83 1.85 0.90 30.25 0.04 0.26 3.95 98.85
P04-630  0.97 0.30 0.21 30.04 15.11 3.26 11.82 1.80 1.17 30.37 0.01 0.15 4.60 99.72
P04-630  0.93 0.27 0.11 29.52 15.39 3.02 11.25 1.85 1.13 30.30 0.02 0.26 4.36 98.32
P04-630  0.75 0.29 0.17 30.10 15.33 3.05 12.57 1.97 1.10 30.57 0.04 0.18 3.47 99.49
P04-630  1.22 0.35 0.14 29.09 14.72 2.90 11.58 1.83 0.86 30.20 0.07 1.11 4.85 98.80
P04-630  1.15 0.33 0.09 29.56 14.93 3.02 11.39 1.81 0.95 30.57 0.07 1.01 4.55 99.31
P04-630  1.16 0.34 0.15 29.48 14.79 2.93 11.51 1.74 0.80 30.59 0.03 0.95 4.53 98.89
%	2
Annexes 4-A : Composition chimique des monazites de 























CaO Y2O3 SiO2 Ce2O3 La2O3 Pr2O3 Nd2O3 Sm2O3 Gd2O3 P2O5 PbO UO2 ThO2 Total
P04-630  1.09 0.38 0.18 28.88 14.55 2.90 12.16 2.01 0.99 30.27 0.00 0.47 5.00 98.76
P04-630  0.98 0.44 0.13 29.07 14.28 2.93 11.94 1.71 1.19 30.44 0.00 0.60 4.55 98.18
P04-630  1.01 0.31 0.12 29.17 14.73 2.45 12.50 1.83 1.38 30.14 0.00 0.46 4.70 98.72
P04-630  1.09 0.34 0.18 28.82 14.39 2.54 12.17 1.85 1.35 30.26 0.01 0.56 5.50 98.96
P04-630  1.62 0.19 0.12 28.41 14.81 2.48 11.13 1.66 1.02 30.43 0.02 0.64 7.27 99.70
P04-630  1.79 0.16 0.35 27.28 13.23 2.64 12.01 1.66 1.16 30.22 0.05 0.78 8.72 99.96
P04-630  1.20 0.27 0.08 29.42 14.90 2.67 11.45 1.88 0.91 30.65 0.04 0.61 5.27 99.23
P04-630  1.66 0.16 0.46 27.49 14.05 2.89 11.52 1.87 0.87 29.77 0.06 0.66 8.35 99.71
P04-630  1.47 0.17 0.12 28.69 15.23 2.78 10.71 1.64 1.08 30.39 0.01 0.59 6.60 99.38
P04-630  1.08 0.05 0.00 30.53 13.84 2.84 12.09 1.85 1.09 30.51 0.06 1.09 4.14 99.07
P04-630  0.88 0.12 0.05 32.30 15.38 3.23 12.09 1.40 0.80 30.51 0.04 0.67 3.76 101.15
P04-630  1.51 0.16 0.37 28.17 14.84 2.83 10.75 1.68 0.86 29.92 0.04 0.63 7.22 98.89
P04-630  1.56 0.15 0.30 28.43 14.63 2.77 10.73 1.64 0.75 30.00 0.04 0.78 7.18 98.87
P04-630  1.25 0.27 0.11 29.46 15.42 2.70 11.00 1.84 0.74 30.52 0.04 0.51 5.56 99.31
P04-630  0.95 0.18 0.22 28.52 14.32 2.92 11.54 2.26 1.81 30.26 0.03 0.73 5.08 98.69
P04-630  0.80 0.22 0.13 29.66 15.29 2.97 11.58 2.03 1.61 30.27 0.04 0.56 3.89 98.93
P04-630  1.18 0.07 0.10 29.19 14.39 2.81 11.86 1.89 1.17 30.51 0.01 0.51 5.17 98.75
P04-630  1.05 0.15 0.19 29.93 15.30 2.75 11.95 1.66 1.07 30.13 0.01 0.15 5.29 99.55
P04-630  0.96 0.26 0.29 28.45 13.93 2.84 11.43 2.11 1.53 30.26 0.06 0.67 5.31 98.00
P04-630  0.83 0.29 0.36 29.02 14.56 3.03 11.79 1.83 1.27 30.08 0.03 0.55 4.28 97.81
P04-630  1.23 0.29 0.18 29.24 15.47 3.10 10.76 1.70 1.23 29.66 0.02 0.49 5.37 98.63
P04-630  0.83 0.30 0.33 29.07 14.64 2.96 12.69 1.94 1.65 29.63 0.02 0.65 3.80 98.40
P04-630  0.90 0.35 0.13 28.86 14.37 2.77 12.38 2.25 1.48 29.74 0.02 0.58 3.77 97.46
P04-630  0.96 0.37 0.11 28.46 14.63 2.88 12.18 2.20 1.43 29.41 0.00 0.49 4.09 97.09
P04-630  1.00 0.23 0.19 28.59 14.63 2.70 12.17 2.33 1.69 30.04 0.03 0.70 5.03 99.19
P04-630  1.33 0.23 0.15 29.51 15.61 2.97 10.98 1.60 0.93 30.57 0.03 0.50 5.82 100.12
ZA877  0.93 0.49 0.05 29.52 13.70 2.98 12.13 2.06 2.04 29.04 0.04 0.58 3.90 97.36
ZA877  0.91 0.49 0.07 30.16 14.21 2.82 11.21 2.04 1.25 29.49 0.01 0.50 3.73 96.80
ZA877  0.89 0.41 0.04 30.10 14.44 2.81 11.75 1.76 1.01 30.88 0.00 0.38 3.78 98.14
ZA877  0.99 0.43 0.08 30.59 14.88 2.64 11.08 1.72 1.25 29.95 0.02 0.54 4.32 98.40
ZA877  1.07 0.15 0.38 29.45 13.91 3.06 11.45 1.83 1.23 30.23 0.06 0.52 6.14 99.39
ZA877  0.91 0.21 0.31 30.32 14.32 2.52 11.86 2.09 1.14 30.34 0.03 0.64 4.80 99.40
ZA877  1.35 0.21 0.18 30.11 14.29 2.93 11.16 1.92 1.15 28.63 0.06 1.03 4.84 97.73
ZA877  1.13 0.07 0.23 29.61 14.43 2.49 11.63 1.91 1.19 30.67 0.05 0.91 5.18 99.40
ZA877  1.01 0.14 0.32 29.86 14.32 2.73 11.80 1.84 1.30 30.05 0.06 0.69 4.64 98.66
ZA877  0.91 0.40 0.08 29.50 14.10 2.85 12.66 2.31 1.45 29.99 0.03 0.84 3.33 98.33
ZA877  0.93 0.46 0.06 29.81 14.24 2.79 12.43 2.23 1.75 30.68 0.05 0.71 3.47 99.48
ZA877  0.89 0.44 0.06 29.77 14.28 2.75 12.19 2.29 1.82 30.51 0.01 0.67 3.40 98.96
ZA877  1.20 0.29 0.03 29.60 14.63 2.71 10.94 1.82 1.39 29.98 0.02 0.45 5.21 98.17
ZA877  0.94 0.46 0.06 29.93 13.86 3.05 12.08 2.20 1.85 30.29 0.05 0.65 3.64 98.94
ZA877  1.19 0.25 0.03 29.21 12.46 2.92 12.41 1.91 0.93 30.65 0.10 1.27 4.94 98.14
ZA877  1.08 0.26 0.02 29.16 12.28 3.02 12.66 1.82 1.01 30.63 0.06 1.29 5.00 98.18
ZA877  0.81 0.29 0.02 32.10 14.41 2.85 11.69 1.19 0.63 30.39 0.03 0.83 2.70 97.85
ZA877  1.50 0.37 0.13 28.52 15.12 2.32 10.29 1.53 0.98 30.42 0.07 0.88 6.63 98.66
ZA877  1.51 0.38 0.16 28.37 14.93 2.42 10.07 1.76 0.89 30.26 0.07 0.93 6.43 98.09
ZA877  1.30 0.39 0.14 29.39 14.71 2.60 10.72 1.72 1.34 30.49 0.05 2.01 4.43 99.13







CaO Y2O3 SiO2 Ce2O3 La2O3 Pr2O3 Nd2O3 Sm2O3 Gd2O3 P2O5 PbO UO2 ThO2 Total
ZA877  1.28 0.25 0.14 28.36 14.14 2.75 11.44 2.15 1.47 30.08 0.04 1.02 5.44 98.43
ZA877  0.82 0.22 0.50 29.40 14.09 2.74 11.48 2.29 1.32 30.08 0.03 0.48 4.88 98.23
ZA877  1.30 0.49 0.14 29.40 14.80 2.81 10.81 1.88 1.18 30.68 0.06 1.99 4.62 100.03
ZA877  1.10 0.45 0.10 29.98 14.42 2.58 11.49 1.65 1.47 30.30 0.03 1.37 3.79 98.61
ZA877  1.41 0.14 0.16 28.81 14.74 2.40 10.73 1.92 1.05 29.65 0.06 0.96 6.04 97.97
ZA877  1.60 0.16 0.09 29.16 16.37 2.15 9.64 1.09 0.60 30.13 0.06 0.74 6.90 98.63
ZA877  1.03 0.37 0.08 30.31 15.26 2.94 11.09 1.65 1.30 30.19 0.03 0.32 4.86 99.33
ZA877  0.64 0.03 0.04 34.34 17.06 2.90 10.54 0.83 0.30 30.13 0.04 0.03 2.87 99.70
ZA877  0.65 0.00 0.03 33.77 15.97 2.82 11.09 0.75 0.15 30.19 0.00 0.13 2.79 98.32
ZA877  1.10 0.36 0.11 30.49 15.31 3.32 11.15 2.08 0.95 29.29 0.01 0.46 4.84 99.37
ZA877  1.20 0.13 0.19 29.37 14.54 2.85 11.39 1.93 1.47 29.80 0.01 0.96 4.97 98.68
ZA877  1.11 0.17 0.10 29.60 14.13 2.82 11.46 2.42 1.54 29.89 0.06 1.24 4.36 98.75
ZA877  0.64 0.13 0.02 31.08 16.54 2.67 11.33 1.81 0.96 29.74 0.05 1.03 2.32 98.21
ZA877  0.53 0.09 0.03 33.75 15.43 3.30 12.13 1.13 0.25 30.24 0.01 0.22 2.31 99.36
ZA877  1.05 0.07 0.31 29.96 14.46 2.78 12.01 1.90 1.08 30.10 0.05 0.81 5.21 99.69
ZA877  0.96 0.22 0.28 29.85 14.57 3.26 12.15 1.90 1.07 29.91 0.01 0.79 4.57 99.43
ZA877  0.93 0.17 0.28 30.59 14.67 3.23 12.00 1.70 1.22 29.59 0.06 0.96 4.46 99.74
ZA877  0.42 0.05 0.01 33.29 16.69 3.50 11.21 1.10 0.78 30.25 0.01 0.38 1.68 99.31
ZA877  1.30 0.19 0.09 29.51 15.10 3.02 10.76 1.88 0.89 30.01 0.07 1.29 5.22 99.20
ZA877  1.05 0.08 0.30 29.76 14.50 3.27 11.91 1.96 1.09 29.79 0.05 0.92 4.97 99.51
ZA877  1.04 0.15 0.24 30.23 14.43 3.05 11.76 2.07 1.08 29.12 0.04 1.00 4.77 98.87
ZA877  0.78 0.21 0.01 32.55 16.20 3.06 11.46 1.42 0.59 30.21 0.05 0.34 2.76 99.58
ZA877  0.73 0.19 0.00 32.87 17.95 2.90 10.15 0.96 0.46 30.51 0.00 0.28 2.70 99.63
ZA877  1.32 0.42 0.22 28.89 14.36 2.98 10.84 1.87 1.46 29.94 0.03 0.81 6.05 99.07
ZA877  1.38 0.20 0.26 29.00 14.49 2.70 11.13 1.87 1.01 30.06 0.07 0.96 6.67 99.66
ZA877  1.32 0.18 0.27 29.25 14.53 2.87 10.86 1.93 0.85 29.97 0.07 0.84 6.11 98.93
ZA877  1.03 0.25 0.10 30.70 14.57 2.99 11.51 1.68 1.22 29.98 0.04 0.37 4.69 99.03
ZA877  1.40 0.24 0.16 29.28 14.86 2.43 10.74 1.64 0.79 30.08 0.07 0.80 6.27 98.66
ZA877  1.43 0.28 0.15 28.61 14.00 3.10 10.31 1.56 0.85 29.69 0.06 1.12 5.93 96.99
ZA877  1.40 0.29 0.11 29.19 14.70 3.14 10.86 1.86 0.90 29.95 0.06 0.78 6.19 99.31
ZA877  1.45 0.21 0.26 29.14 14.89 2.74 11.16 1.49 0.96 30.02 0.09 1.09 6.72 100.13
ZA877  1.39 0.29 0.28 29.08 14.54 2.94 10.67 1.65 0.96 29.80 0.04 1.00 6.64 99.18
ZA877  1.37 0.23 0.24 29.00 14.81 3.20 10.87 1.93 0.85 30.45 0.00 1.01 6.31 100.15
ZA877  0.58 0.13 0.00 33.83 15.90 3.07 10.95 1.11 0.43 30.37 0.03 0.19 2.33 98.88
ZA877  0.51 0.10 0.02 34.62 15.36 2.92 11.01 1.03 0.17 30.66 0.02 0.07 2.35 98.80
ZA877  1.21 0.32 0.09 30.17 14.96 3.01 10.92 1.79 1.00 30.00 0.06 0.93 5.12 99.47
ZA877  1.05 0.37 0.47 28.62 13.88 2.89 11.71 2.27 1.00 30.11 0.05 0.87 6.19 99.37
ZA877  1.18 0.35 0.08 30.31 14.72 2.86 11.41 1.59 1.15 30.46 0.01 0.67 5.04 99.75
ZA877  1.15 0.38 0.07 30.68 14.63 3.19 11.13 1.49 1.02 30.31 0.04 0.59 4.79 99.39
ZA877  1.12 0.36 0.16 29.95 14.52 2.84 11.49 1.67 1.00 30.30 0.03 0.55 4.90 98.80
ZA877  1.09 0.31 0.14 29.52 14.19 2.92 11.24 1.86 1.25 29.72 0.02 0.69 4.70 97.55
ZA877  1.12 0.34 0.13 30.18 14.93 2.75 11.81 1.89 1.27 30.13 0.00 0.50 4.71 99.66
P04-630  1.04 1.06 0.33 28.43 14.81 2.86 11.60 1.84 1.80 29.96 0.00 0.45 4.47 98.56
P04-630  1.05 0.65 0.49 29.41 15.03 2.94 10.82 1.93 1.35 30.14 0.00 0.39 4.68 98.77
P04-630  1.12 0.44 0.23 29.06 15.15 3.39 11.31 1.77 0.83 29.70 0.05 0.59 4.76 98.30
P04-630  1.01 0.53 0.59 29.59 14.90 3.23 11.78 1.75 1.37 29.48 0.00 0.59 3.88 98.61







CaO Y2O3 SiO2 Ce2O3 La2O3 Pr2O3 Nd2O3 Sm2O3 Gd2O3 P2O5 PbO UO2 ThO2 Total
P04-630  1.18 0.85 0.15 28.12 14.35 2.76 11.62 2.01 1.16 30.61 0.02 0.69 5.06 98.47
P04-630  0.87 0.74 0.16 29.19 14.45 2.91 11.97 2.29 1.44 30.53 0.00 0.35 4.36 99.13
P04-630  0.95 0.43 0.08 28.67 14.75 3.02 12.47 1.98 1.46 30.37 0.01 0.51 4.27 98.86
P04-630  0.88 0.33 0.08 29.13 14.54 2.87 12.82 2.03 1.79 30.56 0.04 0.65 3.64 99.24
P04-630  0.98 0.47 0.35 28.89 15.07 3.19 11.70 1.95 1.42 29.29 0.01 0.41 4.71 98.34
ZA877  1.26 0.60 0.21 28.50 13.48 2.69 11.74 2.11 1.51 30.12 0.06 2.34 4.03 98.50
ZA877  0.90 1.14 0.12 29.90 14.87 3.31 11.37 1.93 1.42 30.28 0.02 0.43 4.25 99.84
ZA877  1.26 0.69 0.13 29.14 14.09 2.49 11.27 1.90 1.43 29.93 0.07 1.79 4.34 98.41
ZA877  1.04 0.48 0.23 29.71 14.61 2.98 11.05 1.79 1.50 30.27 0.01 1.03 4.63 99.22
ZA877  1.10 0.41 0.24 29.48 14.42 3.12 11.48 1.80 1.02 30.00 0.04 1.07 4.92 98.98
ZA877  1.29 1.08 0.20 28.99 14.58 3.11 11.24 1.94 1.28 30.18 0.05 0.54 6.33 100.71
ZA877  1.02 1.19 0.28 28.89 13.94 3.22 11.58 2.05 1.16 30.11 0.02 0.40 5.65 99.41
ZA877  1.06 0.75 0.17 29.27 14.09 3.08 11.87 2.07 1.47 29.90 0.02 0.56 4.75 98.94
ZA877  1.00 1.10 0.25 28.68 13.39 2.91 12.02 2.29 1.89 29.73 0.00 0.62 5.05 98.83
ZA877  1.21 1.13 0.18 29.91 15.85 2.98 10.61 1.63 1.26 30.32 0.02 0.56 5.42 101.00
ZA877  1.04 0.50 0.15 30.27 14.61 3.30 11.36 1.77 1.44 29.96 0.03 0.49 4.65 99.47
ZA877  0.93 0.49 0.09 29.99 14.46 2.97 11.63 1.58 0.81 30.44 0.05 0.48 4.32 98.16
P04-630  0.87 0.20 0.20 29.21 14.30 3.04 11.11 1.95 1.37 29.31 0.00 0.64 4.68 96.76
P04-630  1.11 0.19 0.30 27.92 14.49 2.76 10.56 1.95 1.31 29.07 0.00 0.69 6.35 96.60
P04-630  1.22 0.85 0.17 28.62 14.21 2.75 10.11 1.42 1.57 30.04 0.00 0.77 5.10 96.74
P04-630  1.13 0.29 0.47 28.57 14.63 2.91 10.62 1.45 1.10 30.27 0.00 0.30 5.97 97.63
P04-630  1.20 1.01 0.12 28.38 13.98 2.80 10.28 1.65 1.98 29.72 0.00 0.62 5.31 96.96
P04-630  1.17 0.67 0.16 28.92 14.63 2.82 10.78 1.56 1.48 30.10 0.00 0.49 4.97 97.65
P04-630  1.09 0.81 0.26 28.84 14.18 2.87 10.62 1.71 1.47 28.95 0.00 0.52 4.83 96.06
P04-630  1.36 0.39 0.30 28.08 15.17 2.76 9.67 1.53 0.94 28.77 0.00 0.60 6.32 95.79
P04-630  1.34 0.25 0.09 28.87 15.50 2.79 9.80 1.54 0.92 29.57 0.00 0.56 5.68 96.83
Sidironero
CaO Y2O3 SiO2 Ce2O3 La2O3 Pr2O3 Nd2O3 Sm2O3 Gd2O3 P2O5 PbO UO2 ThO2 Total
P03-9  2.01 0.26 0.06 30.43 14.46 2.19 9.85 1.08 0.83 29.52 0.05 0.59 5.84 97.12
P03-9  2.41 0.23 0.13 29.68 14.23 2.33 9.29 1.27 1.05 29.53 0.07 0.64 7.68 98.46
P03-9  1.96 0.28 0.08 30.69 14.82 2.11 9.53 1.27 0.94 29.57 0.06 0.58 6.00 97.81
P03-9  2.15 0.28 0.10 31.35 14.39 2.48 9.26 1.27 0.66 29.36 0.07 0.65 6.25 98.19
P03-9  1.60 0.10 0.06 29.69 13.08 2.91 11.10 2.08 1.14 29.89 0.08 0.89 7.48 99.96
P03-9  1.82 0.28 0.08 32.68 15.27 2.09 9.52 1.06 0.91 29.56 0.06 0.61 5.64 99.51
P03-9  1.95 0.15 0.15 29.32 11.96 2.27 11.78 1.92 0.91 29.68 0.10 0.91 9.10 100.08
P03-9  2.14 0.29 0.15 30.33 14.64 2.70 9.63 1.35 0.80 29.30 0.04 0.62 6.65 98.55
P03-9  1.72 0.13 0.21 29.05 12.29 2.43 11.32 1.90 0.85 29.49 0.09 0.76 7.91 98.06
P03-9  1.98 0.32 0.11 31.55 14.41 2.27 9.64 1.25 0.99 29.48 0.07 0.55 5.72 98.24
P03-9  1.32 0.26 0.09 31.55 14.21 2.87 10.21 1.20 0.96 30.43 0.03 0.60 5.84 99.48
P03-9  1.67 0.25 0.20 32.30 15.39 2.49 8.84 0.62 0.43 29.53 0.07 0.67 7.31 99.73
P03-9  1.30 0.22 0.06 34.18 15.41 2.72 9.11 0.90 0.68 29.70 0.02 0.46 3.70 98.42
P03-9  0.87 0.33 0.11 35.48 14.08 2.86 9.68 0.84 0.51 30.06 0.01 0.44 2.83 98.05
P03-9  1.16 0.28 0.08 35.04 15.42 2.34 9.51 0.82 0.59 29.65 0.01 0.42 3.79 99.08
P03-9  0.81 0.36 0.08 35.25 14.83 2.31 8.76 0.89 0.67 29.77 0.00 0.48 3.49 97.64







CaO Y2O3 SiO2 Ce2O3 La2O3 Pr2O3 Nd2O3 Sm2O3 Gd2O3 P2O5 PbO UO2 ThO2 Total
P03-9  1.24 0.21 0.18 32.74 14.01 2.79 9.69 1.63 0.77 29.61 0.00 0.82 5.61 99.20
P03-9  1.93 0.20 0.10 32.62 14.73 2.76 9.51 1.16 0.73 29.33 0.09 0.57 5.06 98.73
P03-9  2.47 0.21 0.24 30.05 13.46 2.14 9.31 1.31 0.79 29.41 0.07 0.71 8.87 98.96
P03-9  1.14 0.13 0.14 32.90 14.61 2.50 9.17 1.60 0.71 29.53 0.07 0.81 4.80 98.00
P03-9  1.13 0.15 0.14 32.38 14.35 2.28 10.27 1.46 0.84 29.61 0.09 0.80 4.84 98.23
P03-9  1.14 0.37 0.05 32.89 12.70 2.78 11.67 2.04 0.85 30.05 0.02 0.63 3.49 98.56
P03-9  1.20 0.38 0.06 31.77 13.62 2.26 11.36 1.59 0.97 30.11 0.04 0.65 3.55 97.47
P03-9  1.82 0.21 0.09 31.98 13.80 2.65 9.82 1.45 1.29 29.07 0.07 0.66 5.36 98.19
P03-9  1.03 0.17 0.16 32.74 12.84 3.01 12.06 1.93 1.18 29.70 0.02 0.29 4.09 99.13
P03-9  1.29 0.46 0.54 32.00 13.38 2.67 11.45 1.84 1.31 29.86 0.05 0.60 4.68 100.02
P03-9  1.28 0.43 0.11 30.61 15.10 2.19 10.06 1.44 0.82 29.80 0.06 0.78 4.84 97.44
P03-9  1.48 0.46 0.09 31.38 14.57 2.53 10.41 1.11 0.73 29.56 0.04 0.76 4.64 97.70
P03-9  1.53 0.27 0.07 30.93 14.56 2.52 10.17 1.27 0.79 29.15 0.02 0.80 4.58 96.60
P03-9  1.59 0.15 0.17 29.95 14.05 2.44 9.82 1.39 0.54 29.80 0.09 0.68 6.72 97.30
P03-9  1.63 0.24 0.04 32.35 14.04 2.43 10.12 1.30 0.79 29.38 0.04 0.79 5.11 98.18
P03-9  1.77 0.47 0.24 28.55 14.03 3.17 11.61 1.72 1.26 29.03 0.06 0.93 4.52 97.23
P03-9  2.20 0.29 0.26 30.17 14.73 2.43 10.60 1.56 0.97 28.62 0.01 0.42 4.94 97.12
P03-9  2.13 0.26 0.28 31.02 15.17 2.37 10.44 1.78 0.71 28.64 0.04 0.40 4.66 97.81
P03-9  2.01 0.33 0.08 29.49 15.63 2.50 9.76 0.76 0.92 29.45 0.03 0.65 5.26 96.82
P03-9  1.00 0.44 0.15 33.01 14.65 2.83 9.86 1.30 0.72 29.12 0.03 0.33 5.13 98.49
P03-9  1.79 0.13 0.12 28.38 13.62 2.66 11.48 1.54 0.92 29.74 0.01 0.55 8.18 99.04
P03-9  1.25 0.75 0.15 30.66 15.40 2.34 10.35 1.75 1.30 29.46 0.05 0.84 4.85 98.95
P03-9  1.36 0.53 0.14 31.00 14.25 2.42 9.84 1.44 0.68 29.58 0.05 0.89 5.23 97.22
p03-10  1.76 0.25 0.07 31.77 14.62 2.70 9.77 1.37 0.82 29.66 0.03 0.74 5.18 98.66
p03-10  1.41 0.35 0.08 32.15 13.95 2.93 11.08 1.68 0.90 29.75 0.03 0.59 4.27 99.07
p03-10  1.62 0.12 0.05 30.65 14.23 2.98 10.63 1.37 0.98 29.99 0.07 1.08 6.50 100.17
p03-10  0.71 0.07 0.02 34.30 16.02 2.65 10.35 1.14 0.67 30.17 0.03 0.42 2.64 99.11
p03-10  1.62 0.26 0.15 31.03 14.66 2.43 10.02 1.40 0.81 29.90 0.07 0.69 6.69 99.64
p03-10  1.53 0.19 0.06 31.90 14.75 2.83 10.20 1.08 0.77 30.07 0.07 0.65 4.48 98.51
p03-10  1.70 0.38 0.09 31.99 14.52 3.02 10.14 1.33 0.70 29.46 0.06 0.71 4.85 98.85
p03-10  1.17 0.53 0.10 31.77 14.04 3.14 11.10 1.65 0.89 29.98 0.02 0.63 4.54 99.46
p03-10  0.84 0.51 0.11 31.11 12.19 3.11 12.58 2.37 1.69 30.05 0.01 0.82 2.95 98.21
p03-10  1.19 0.34 0.08 31.87 13.39 2.94 11.32 1.85 0.95 30.78 0.02 0.70 3.45 98.79
p03-10  0.92 0.23 0.17 34.24 14.86 2.86 11.13 1.34 1.02 30.22 0.01 0.31 2.72 99.97
p03-10  0.90 0.38 0.10 33.90 14.64 2.85 10.50 1.42 0.85 30.67 0.00 0.73 2.63 99.48
p03-10  1.13 0.25 0.83 32.44 13.84 2.89 11.01 1.55 1.12 28.91 0.04 0.36 4.57 98.87
p03-10  1.16 0.53 0.35 30.86 13.90 2.81 10.22 1.78 0.95 29.55 0.00 0.88 4.20 97.09
p03-10  1.26 0.15 0.31 31.61 12.55 2.95 11.31 1.93 0.98 29.83 0.00 0.38 5.00 98.17
p03-10  1.22 0.15 0.27 31.50 12.60 3.18 12.49 2.16 1.01 28.26 0.03 0.31 4.61 97.67
p03-10  2.53 0.27 0.12 29.75 14.37 2.47 9.02 1.36 0.65 29.45 0.05 0.71 7.82 98.50
p03-10  0.93 0.25 0.17 35.49 15.25 2.90 9.27 1.16 0.66 28.84 0.01 0.25 2.89 98.00
p03-10  0.53 0.32 0.14 29.79 13.63 3.26 14.50 2.72 2.13 30.17 0.00 0.61 2.27 99.93
p03-10  0.58 0.43 0.14 29.62 12.45 3.05 13.73 2.58 1.65 30.51 0.01 0.59 2.20 97.39
p03-10  0.52 0.33 0.73 29.93 12.46 3.01 14.82 3.00 1.66 30.28 0.00 0.70 1.72 99.00







CaO Y2O3 SiO2 Ce2O3 La2O3 Pr2O3 Nd2O3 Sm2O3 Gd2O3 P2O5 PbO UO2 ThO2 Total
p03-10  0.95 0.11 0.57 30.49 14.15 3.31 11.22 1.84 0.89 28.88 0.02 0.77 5.31 98.41
p03-10  0.94 0.14 0.15 31.15 14.43 2.88 11.19 1.54 0.88 29.98 0.04 0.30 4.60 98.14
p03-10  0.14 0.42 0.11 32.03 13.16 3.53 14.10 1.95 1.44 29.89 0.00 0.44 0.09 97.21
p03-10  0.68 0.46 0.10 30.50 13.02 3.08 13.43 2.94 1.64 29.91 0.00 0.51 2.36 98.49
p03-10  0.61 0.33 0.05 30.81 12.05 3.29 14.76 2.99 1.65 30.20 0.02 0.65 0.53 97.77
p03-10  0.68 0.52 0.47 29.56 12.48 2.51 14.07 2.97 1.86 30.04 0.02 0.52 1.74 97.29
p03-10  0.17 0.50 0.09 29.74 9.35 3.50 18.14 4.04 2.53 30.12 0.01 0.56 0.12 98.66
p03-10  0.23 0.59 0.25 29.80 10.65 3.70 16.07 3.67 2.20 30.27 0.00 0.68 0.24 98.15
p03-10  0.77 0.18 0.23 31.19 13.21 3.16 12.32 2.38 1.11 29.79 0.02 0.40 3.84 98.49
p03-10  0.82 0.15 0.87 30.73 13.88 2.81 12.68 2.25 0.98 29.67 0.01 0.40 4.24 99.36
p03-10  0.80 0.09 0.22 31.02 13.67 2.98 12.20 1.94 0.66 29.60 0.02 0.42 3.99 97.51
p03-10  0.85 0.16 0.30 29.44 13.18 2.78 12.95 2.53 1.09 29.75 0.00 0.35 4.75 98.01
p03-10  0.77 0.48 0.73 29.82 13.13 2.72 11.71 2.14 1.37 29.50 0.01 0.49 3.84 96.59
p03-10  1.21 0.47 0.33 30.18 14.87 2.76 10.96 1.31 0.67 29.71 0.00 0.87 6.86 100.14
p03-10  1.33 0.50 0.20 29.68 14.89 2.44 10.95 1.16 0.76 30.12 0.00 0.92 4.95 97.82
p03-10  1.04 0.72 0.22 29.87 14.49 2.97 12.37 1.39 0.92 29.41 0.00 0.79 3.50 97.60
p03-10  1.07 0.65 0.26 29.64 14.04 2.85 11.42 1.71 1.09 29.29 0.01 0.81 3.77 96.51
p03-10  1.12 0.45 0.31 29.59 13.82 3.18 11.57 1.72 1.21 29.36 0.02 0.78 5.41 98.45
p03-10  1.02 0.57 0.30 29.65 13.58 2.37 11.65 1.86 1.25 29.09 0.01 0.79 4.73 96.76
p03-10  1.15 0.51 0.49 29.58 13.93 3.02 11.06 1.51 1.11 29.05 0.04 0.77 6.30 98.44
p03-10  0.48 0.20 0.18 31.40 15.84 2.93 12.25 1.90 1.08 29.79 0.01 0.57 2.22 98.75
p03-10  0.97 0.08 0.12 29.79 14.07 3.11 12.74 2.06 1.19 29.83 0.02 0.55 4.39 98.81
p03-10  0.83 0.20 0.28 30.68 13.82 3.09 11.66 1.97 1.11 29.50 0.04 0.74 4.44 98.26
p03-10  0.91 0.07 0.09 31.11 15.44 2.76 11.86 1.71 0.94 29.90 0.06 0.33 4.22 99.31
p03-10  0.72 0.13 0.30 30.95 14.79 2.95 12.20 1.64 0.96 29.46 0.04 0.93 3.60 98.57
p03-10  0.99 0.09 0.12 29.99 14.24 2.84 12.23 1.89 1.05 29.85 0.04 0.59 4.46 98.28
p03-10  1.02 0.13 0.18 31.05 14.66 2.62 12.37 1.62 0.60 29.66 0.01 0.42 4.66 98.91
p03-10  0.92 0.19 0.42 29.46 14.74 3.00 11.96 1.84 0.75 29.22 0.04 1.13 4.67 98.22
p03-10  1.06 0.19 0.35 29.03 14.52 2.76 11.97 2.05 1.15 29.29 0.04 1.14 4.90 98.31
p03-10  1.03 0.16 0.38 30.69 15.19 2.60 11.85 1.83 0.99 29.51 0.06 0.93 4.42 99.53
p03-10  0.97 0.18 0.18 29.81 14.58 2.65 11.81 1.96 1.16 29.57 0.03 0.71 4.45 97.93
p03-10  1.08 0.12 0.33 30.15 14.98 2.93 10.97 1.41 0.59 29.39 0.00 0.60 5.44 97.90
p03-10  0.92 0.09 0.26 30.05 15.13 2.56 11.58 1.58 0.81 29.15 0.00 0.49 4.60 97.14
p03-10  0.95 0.13 0.26 30.01 15.18 2.86 11.94 1.66 0.89 29.32 0.02 0.65 4.33 98.10
p03-10  0.90 0.10 0.22 30.86 13.88 2.70 11.90 1.79 0.84 29.54 0.03 0.46 4.18 97.29
p03-10  1.00 0.14 0.19 29.95 15.06 3.06 11.72 1.48 0.52 29.26 0.03 0.43 4.71 97.46
p03-10  1.03 0.13 0.21 30.72 13.96 3.01 11.84 1.95 0.81 29.46 0.03 0.50 4.75 98.30
p03-10  0.79 0.34 0.23 29.94 13.66 2.67 12.86 1.91 1.50 29.62 0.04 0.34 3.91 97.70
p03-10  1.00 0.07 0.20 30.97 14.91 2.92 11.89 1.76 0.87 29.50 0.01 0.48 4.47 98.94
p03-10  0.87 0.07 0.32 31.34 14.82 3.10 11.61 1.62 0.84 29.93 0.02 0.53 4.28 99.27
p03-10  0.91 0.13 0.22 30.98 14.07 3.20 12.07 1.81 1.07 29.47 0.03 0.35 4.57 98.79
p03-10  1.03 0.06 0.20 30.88 14.40 3.37 11.61 2.00 1.06 29.44 0.03 0.40 4.88 99.27
p03-10  0.88 0.17 0.34 31.40 15.06 3.09 11.65 1.71 0.56 29.55 0.05 0.56 4.46 99.37
p03-10  1.05 0.11 0.51 30.42 14.87 3.25 11.52 1.73 0.97 29.41 0.00 0.50 5.27 99.54







CaO Y2O3 SiO2 Ce2O3 La2O3 Pr2O3 Nd2O3 Sm2O3 Gd2O3 P2O5 PbO UO2 ThO2 Total
p03-10  1.01 0.06 0.21 31.38 14.90 3.34 11.66 1.82 0.80 29.62 0.04 0.43 4.59 99.75
p03-10  0.91 0.09 0.22 31.44 15.16 3.26 11.47 1.82 0.65 29.54 0.00 0.65 4.18 99.28
p03-10  0.97 0.12 0.32 31.00 15.03 2.94 11.89 1.92 0.76 29.79 0.03 0.72 4.84 100.22
p03-10  0.88 0.36 0.29 29.67 13.50 3.42 12.51 2.35 1.52 29.30 0.00 0.44 4.24 98.35
p03-10  0.99 0.13 0.23 30.61 14.08 3.05 12.42 2.16 1.26 30.20 0.00 0.54 4.61 100.18
p03-10  0.84 0.20 0.19 31.33 14.39 3.32 12.39 2.11 0.69 29.55 0.03 0.41 3.73 99.08
p03-10  0.86 0.15 0.23 30.88 14.77 3.25 11.20 1.91 1.11 29.79 0.03 0.50 4.07 98.65
p03-10  0.99 0.17 0.11 30.62 14.68 3.34 11.87 1.82 1.18 29.80 0.06 0.52 4.17 99.24
p03-10  0.91 0.10 0.33 30.93 14.73 3.17 11.63 2.00 0.82 29.60 0.06 0.76 4.51 99.42
p03-10  0.54 0.19 0.19 32.00 15.34 3.40 12.00 1.77 0.94 29.56 0.05 0.60 2.40 98.88
p03-9  1.52 0.52 0.05 31.57 14.63 2.57 10.05 1.54 0.74 29.78 0.03 0.59 4.40 97.89
p03-9  1.19 0.87 0.15 30.78 13.08 2.98 11.70 1.85 1.44 29.87 0.03 0.38 3.78 98.00
p03-9  1.35 0.68 0.07 31.55 14.33 2.66 10.63 1.16 1.02 29.77 0.06 0.92 3.93 98.06
p03-9  1.34 0.84 0.16 30.69 12.96 2.40 11.96 1.73 1.31 30.04 0.05 0.48 4.37 98.21
p03-9  0.88 1.27 0.07 30.60 12.66 2.89 12.76 2.23 1.56 29.81 0.05 0.87 3.15 98.68
p03-9  0.92 1.47 0.09 29.44 11.59 2.49 11.62 2.33 1.72 30.77 0.00 1.12 3.17 96.60
p03-9  1.53 0.63 0.05 31.90 14.64 2.74 10.27 1.15 1.16 29.85 0.03 0.52 4.53 98.93
p03-9  0.92 2.17 0.13 28.64 12.88 2.39 11.28 2.33 1.99 29.67 0.00 0.56 3.32 96.16
p03-9  1.50 0.90 0.30 29.99 14.11 2.49 10.85 1.52 0.99 29.46 0.00 0.53 5.51 98.07
p03-9  1.35 1.05 0.27 29.06 13.71 2.64 10.76 1.73 1.28 29.61 0.00 0.57 5.23 97.16
p03-9  1.63 1.21 0.30 29.67 14.30 2.70 10.44 1.40 1.19 29.29 0.00 0.41 6.38 98.86
p03-9  1.54 1.14 0.32 28.72 13.78 2.55 10.68 1.33 1.01 29.58 0.00 0.54 6.27 97.36
p03-9  1.25 1.32 0.92 29.73 12.78 2.64 11.09 2.06 1.29 29.35 0.03 0.66 6.08 99.09
p03-9  1.83 0.64 0.11 28.90 13.24 2.28 11.21 1.83 1.20 29.93 0.05 0.66 7.07 98.85
p03-9  1.08 0.83 0.14 30.40 12.79 2.99 12.57 2.09 1.10 29.64 0.02 0.77 3.50 97.81
p03-9  0.89 0.74 1.51 28.67 15.20 2.69 9.80 1.44 1.52 27.58 0.02 0.32 9.09 99.39
p03-9  1.26 0.62 0.11 29.88 13.79 2.35 11.34 1.86 1.26 29.65 0.04 0.53 4.21 96.78
p03-9  0.92 0.53 0.11 30.97 13.81 2.63 11.69 1.83 0.99 29.12 0.02 0.53 3.53 96.59
P03-10  1.01 1.77 0.20 28.77 13.40 2.97 11.24 2.20 1.86 29.52 0.02 0.59 3.48 96.90
P03-10  1.25 1.39 0.28 28.85 13.37 3.05 11.28 2.29 1.60 29.28 0.02 0.66 4.03 97.23
P03-10  0.98 0.65 0.22 29.26 13.22 3.16 12.53 2.50 1.73 29.80 0.02 0.56 3.53 98.04
P03-10  1.06 1.65 0.29 28.59 13.10 3.04 12.32 2.17 2.20 29.90 0.00 0.52 3.46 98.17
P03-10  0.87 2.00 0.27 27.63 12.60 2.89 12.62 2.17 2.17 30.88 0.00 0.73 3.50 98.21
P03-10  1.22 0.93 0.13 31.25 12.71 3.14 11.77 2.08 1.47 29.50 0.01 0.38 3.83 98.33
P03-10  1.10 0.78 0.21 31.62 13.54 3.09 11.66 1.73 0.95 28.47 0.00 0.50 3.97 97.52
P03-10  1.02 0.72 0.16 31.25 13.08 3.18 12.26 1.94 1.12 28.98 0.00 0.56 4.07 98.24
P03-10  1.01 0.83 0.12 31.87 13.27 3.16 11.92 1.92 1.12 29.85 0.01 0.53 3.28 98.76
P03-10  0.92 0.92 0.12 28.24 15.22 0.00 12.78 2.51 1.69 30.97 0.02 0.72 2.73 96.71
P03-10  0.90 1.57 0.14 29.73 11.56 3.39 12.06 2.53 1.62 30.57 0.02 0.98 3.18 98.10
P03-10  0.89 1.65 0.10 29.88 11.80 3.41 12.83 2.44 1.67 30.45 0.01 0.95 2.66 98.61
P03-10  1.20 0.76 0.13 31.05 13.52 3.22 11.27 1.93 1.47 29.07 0.00 0.43 3.15 97.09
P03-10  0.76 0.97 0.10 33.73 13.99 2.78 10.59 1.75 1.09 30.52 0.02 0.77 2.57 99.55
P03-10  0.55 0.74 0.15 30.35 12.82 3.30 14.56 2.44 1.85 30.23 0.02 0.56 2.25 99.69
P03-10  0.36 0.40 0.14 29.90 10.73 3.44 16.12 2.99 2.01 29.54 0.02 0.31 1.85 97.66







CaO Y2O3 SiO2 Ce2O3 La2O3 Pr2O3 Nd2O3 Sm2O3 Gd2O3 P2O5 PbO UO2 ThO2 Total
P03-10  0.23 0.76 0.14 29.95 12.29 3.29 15.27 3.09 1.58 30.14 0.00 0.46 0.28 97.34
P03-10  0.73 1.37 0.90 28.74 13.29 2.73 13.05 2.20 1.78 30.11 0.01 0.80 2.60 98.17
P03-10  0.84 0.70 0.20 29.02 13.79 2.38 12.29 2.24 1.65 30.09 0.00 0.63 4.19 97.91
P03-10  0.89 0.89 0.59 28.69 13.02 2.78 11.93 2.21 1.60 29.45 0.03 0.49 4.43 96.87
P03-10  0.86 0.62 0.30 30.00 13.95 3.30 11.76 2.15 1.41 29.70 0.02 0.59 3.97 98.51
P03-10  0.84 1.01 1.41 29.42 13.50 3.12 12.45 2.24 1.44 29.10 0.00 0.43 3.67 98.52
P03-10  0.67 0.57 0.56 30.77 14.08 3.03 11.70 2.03 1.36 29.19 0.01 0.46 3.29 97.60
P03-10  0.87 0.82 0.18 29.80 13.85 2.88 11.93 2.26 1.60 29.64 0.00 0.52 3.82 98.04
P03-10  0.86 0.66 0.25 30.09 13.93 2.96 12.04 2.13 1.32 29.55 0.02 0.48 3.99 98.18
P03-10  0.98 0.53 0.30 29.14 13.17 3.06 11.33 2.00 1.30 29.46 0.02 0.50 5.52 97.21
P03-10  1.07 1.12 0.50 28.50 13.24 2.79 11.95 1.84 1.68 29.92 0.01 0.76 4.85 98.13
P03-10  0.81 1.30 0.90 28.37 15.97 2.20 10.56 1.06 0.82 29.01 0.08 0.31 6.61 97.95
p03-9  1.15 0.61 0.08 30.61 12.95 2.93 12.25 2.10 1.33 29.75 0.06 0.81 4.59 99.10
p03-9  1.65 0.60 0.06 31.10 15.46 2.54 10.32 1.61 1.05 29.57 0.03 0.54 4.22 98.66
p03-9  1.27 0.79 0.90 29.58 14.74 2.12 10.73 1.65 1.44 29.27 0.02 0.44 3.49 96.36
p03-9  1.25 0.41 0.08 29.64 13.45 2.77 12.64 2.28 1.47 29.89 0.08 0.71 4.65 99.18
p03-9  1.64 1.07 0.09 26.88 12.28 2.77 12.60 2.62 1.89 29.80 0.03 0.75 4.82 97.08
p03-9  1.15 0.88 0.13 29.15 13.41 2.88 11.67 2.13 1.58 29.54 0.05 0.63 4.09 97.18
p03-9  1.35 0.76 0.13 28.66 14.39 2.43 11.31 2.13 1.51 29.41 0.06 0.71 4.35 97.06
p03-9  1.97 1.22 0.37 27.94 14.47 2.33 9.45 1.23 0.65 28.90 0.00 0.44 7.79 96.69
p03-9  1.26 2.16 0.32 25.46 13.09 2.55 11.60 2.24 2.16 30.09 0.05 0.80 6.03 97.69
p03-9  1.13 0.23 0.40 31.12 15.85 2.69 10.83 1.31 0.96 29.81 0.04 0.28 5.76 100.36
p03-9  0.85 0.34 0.77 31.39 14.87 2.83 11.70 1.20 0.42 28.56 0.02 0.16 5.66 98.72
p03-9  0.80 0.84 0.13 32.02 15.39 3.15 11.18 1.64 0.98 29.21 0.00 0.22 3.02 98.48
p03-9  1.16 0.55 0.23 29.99 14.91 2.87 11.08 1.98 1.61 30.06 0.01 0.57 4.78 99.69
p03-9  1.12 0.71 0.23 30.09 14.25 3.01 11.13 1.97 1.07 29.89 0.00 0.45 4.30 98.10
p03-9  1.09 0.80 0.24 30.21 14.66 2.33 10.67 1.88 1.64 29.84 0.02 0.49 4.32 98.10
p03-9  1.67 0.40 0.09 30.63 15.38 2.65 10.32 1.42 0.90 28.69 0.02 0.65 4.60 97.34
p03-9  1.00 0.44 0.15 33.01 14.65 2.83 9.86 1.30 0.72 29.12 0.03 0.33 5.13 98.49
p03-9  1.49 0.58 0.11 30.93 14.00 2.76 10.52 1.52 1.13 29.58 0.06 0.69 4.98 98.27
p03-9  1.05 0.66 0.14 31.27 14.59 3.03 11.30 1.74 0.88 29.52 0.01 0.42 4.02 98.53
p03-9  0.80 0.53 0.18 32.70 14.21 2.24 9.75 1.54 0.72 29.40 0.01 0.68 3.67 96.36
p03-9  1.19 0.68 0.33 26.70 10.23 2.47 13.15 2.98 2.37 29.34 0.07 0.69 6.65 96.70
p03-9  0.75 0.72 0.15 32.72 13.04 2.68 11.65 2.33 1.75 29.58 0.03 0.51 3.43 99.24
p03-9  1.08 0.12 0.29 31.38 12.35 2.70 11.67 2.10 1.52 29.33 0.07 0.82 5.36 98.68
p03-9  2.57 0.26 0.14 30.08 14.94 2.00 8.92 1.29 0.61 29.44 0.08 0.72 7.82 98.80
p03-9  1.02 0.10 0.28 31.14 12.87 3.02 11.86 2.27 1.47 29.35 0.05 0.88 5.49 99.65
p03-9  2.11 0.36 0.08 31.71 13.81 2.12 9.69 0.98 0.85 29.33 0.04 0.62 6.08 97.71
p03-9  1.10 0.10 0.31 29.45 12.89 2.85 11.97 2.22 1.35 31.04 0.08 0.74 5.22 99.19
p03-9  1.68 0.30 0.21 30.51 13.52 2.40 9.84 1.29 1.00 30.32 0.07 0.67 4.72 96.45
p03-9  1.82 0.21 0.09 31.98 13.80 2.65 9.82 1.45 1.29 29.07 0.07 0.66 5.36 98.19
p03-9  0.80 0.53 0.18 32.70 14.21 2.24 9.75 1.54 0.72 29.40 0.01 0.68 3.67 96.36
p03-9  1.04 1.52 0.17 29.88 12.86 3.16 10.86 1.89 0.92 29.82 0.04 0.44 5.10 97.59
p03-9  1.08 1.58 0.15 29.84 13.82 2.60 11.01 1.75 0.84 29.83 0.02 0.48 5.30 98.20



















CaO Y2O3 SiO2 Ce2O3 La2O3 Pr2O3 Nd2O3 Sm2O3 Gd2O3 P2O5 PbO UO2 ThO2 Total
p03-9  0.96 1.47 0.18 30.84 14.03 2.59 10.87 1.88 1.06 30.04 0.04 0.38 4.57 98.80
p03-9  1.13 0.67 0.81 30.54 13.73 3.32 10.71 1.81 0.86 31.13 0.04 0.64 4.94 100.25
p03-9  0.92 1.43 0.16 31.24 13.84 2.86 11.30 1.51 0.97 29.90 0.06 0.40 4.61 99.11
p03-9  0.79 0.07 0.11 33.61 13.34 2.63 10.70 1.44 0.76 29.69 0.02 0.42 3.89 97.40
p03-9  1.50 0.49 0.05 32.14 14.41 2.35 9.53 1.18 0.66 30.06 0.03 0.83 6.23 99.39
p03-9  0.79 0.17 0.13 33.20 13.63 2.28 11.04 1.42 1.11 29.63 0.01 0.43 3.95 97.70
p03-10  0.75 0.16 0.25 29.56 14.33 2.95 12.59 2.42 1.39 29.67 0.04 0.61 4.43 99.02
p03-10  1.94 0.33 0.26 25.52 10.04 2.57 14.22 2.86 1.61 29.79 0.12 1.98 8.36 99.41
p03-10  0.77 0.38 0.20 29.95 14.02 2.86 12.08 2.16 1.62 29.86 0.03 0.55 4.15 98.53
p03-10  0.80 0.20 0.19 29.25 14.33 2.64 11.44 2.04 1.46 29.75 0.05 0.69 4.46 97.19
p03-10  1.88 0.24 0.61 23.95 9.74 2.91 14.43 3.08 1.82 29.21 0.09 1.94 9.40 99.09
p03-10  1.62 0.22 0.82 23.36 8.61 2.92 15.24 3.34 1.88 28.84 0.11 1.52 9.85 98.16
p03-10  0.98 0.41 0.12 31.14 14.71 2.83 12.31 1.72 1.01 30.16 0.04 0.43 4.26 100.02
p03-10  0.93 0.33 0.14 30.70 14.68 2.74 12.08 1.68 0.72 29.98 0.02 0.30 4.26 98.46
p03-10  1.19 0.54 0.31 30.01 14.14 2.66 9.99 1.59 0.81 29.52 0.05 0.41 6.03 97.18
p03-10  1.22 0.06 2.00 27.95 16.82 2.42 8.34 0.68 0.32 27.43 0.09 0.64 11.24 99.16
p03-10  1.29 0.09 1.74 28.18 16.87 2.51 8.33 0.50 0.24 27.46 0.06 0.74 12.17 100.14
p03-9  0.29 0.30 0.04 37.71 18.01 2.58 8.71 0.50 0.35 30.21 0.00 0.14 0.97 99.82
p03-9  0.43 0.06 0.02 36.96 20.94 2.07 6.05 0.10 0.23 29.88 0.00 0.00 0.78 97.52
p03-9  0.31 0.13 0.00 38.94 20.63 1.99 6.45 0.30 0.00 29.54 0.01 0.02 0.67 99.00
p03-9  0.30 0.10 0.00 39.43 20.16 2.04 6.78 0.10 0.00 29.79 0.05 0.01 0.80 99.54
p03-9  0.50 0.23 0.03 37.80 19.22 2.26 7.89 0.22 0.38 29.75 0.00 0.12 1.54 99.94
p03-9  0.36 0.25 0.03 37.31 16.97 2.45 8.80 0.59 0.35 29.85 0.00 0.08 1.09 98.14





M1 and M0 monazite (Sidironero)
Isotopic ratios Ages (Ma) Isotopic ratios Ages (Ma) Isotopic ratios Ages (Ma)
Sample 208Pb/232Th 2σ (%) 208Pb/232Th 2σ 206Pb/238U 2σ (%) 206Pb/238U 2σ 207Pb/235U 2σ (%) 207Pb/235U 2σ 
P03-9a M1m 0.0066 2.4 133 3 0.0207 2.4 132 3 0.1573 2.5 148 4
P03-9a M1m 0.0071 2.3 142 3 0.0224 2.4 143 3 0.2616 2.6 236 5
P03-9a M1m 0.0069 2.3 139 3 0.0219 2.4 140 3 0.2997 2.5 266 6
P03-9a M1m 0.0069 2.3 140 3 0.0217 2.4 139 3 0.2599 2.5 235 5
P03-9a M1m 0.0059 2.4 119 3 0.0191 2.4 122 3 0.2590 2.5 234 5
P03-9a M1m 0.0071 2.3 143 3 0.0224 2.4 143 3 0.2532 2.6 229 5
P03-9a M1m 0.0069 2.3 138 3 0.0218 2.4 139 3 0.2443 2.5 222 5
P03-9a M1m 0.0068 2.3 138 3 0.0215 2.4 137 3 0.3046 2.5 270 6
P03-9Bv M1m 0.0079 2.3 159 4 0.0247 2.5 157 4 0.3089 2.9 273 7
P03-9Bv M1m 0.0078 2.3 157 4 0.0249 2.5 158 4 0.3101 3.1 274 8
P03-9Bv M1m 0.0070 2.3 141 3 0.0230 2.6 147 4 0.3044 3.4 270 8
P03-9b M1m 0.0070 2.3 141 3 0.0219 2.6 140 4 0.2446 2.9 222 6
P03-9b M1m 0.0073 2.5 148 3 0.0229 2.4 146 4 0.2529 2.5 229 5
P03-9b M1m 0.0071 2.2 143 3 0.0229 2.4 146 4 0.3861 2.5 332 7
P03-9b M1m 0.0072 2.2 144 3 0.0234 2.5 149 4 0.4275 2.5 361 8
P03-9b M1m 0.0069 2.3 139 3 0.0219 2.5 140 3 0.3493 2.5 304 7
P03-9b M1m 0.0073 2.2 146 3 0.0238 2.4 151 4 0.3547 2.5 308 7
P03-9b M1m 0.0075 2.4 151 3 0.0239 2.4 152 4 0.3231 2.5 284 6
P03-9b M1m 0.0067 2.4 135 3 0.0213 2.4 136 3 0.2797 2.7 250 6
P03-9b M1m 0.0059 2.0 120 3 0.0191 2.3 122 3 0.2564 2.6 232 5
P03-9b M1m 0.0062 2.3 125 3 0.0194 2.3 124 3 0.1944 2.5 180 4
P03-9a M1m 0.0074 2.2 149 3 0.0232 2.3 148 3 0.2483 2.4 225 5
P03-9a M1m 0.0067 2.4 135 3 0.0208 2.4 133 3 0.1628 2.9 153 4
P03-9b M1m 0.0064 2.5 130 3 0.0197 2.6 126 3 0.2492 2.7 226 6
P03-9b M1m 0.0062 2.6 124 3 0.0193 2.6 123 3 0.2285 2.7 209 5
P03-9b M1m 0.0067 2.4 134 3 0.0213 2.6 136 4 0.3064 3.0 271 7
P03-9b M1m 0.0066 2.4 133 3 0.0200 2.7 127 3 0.2407 3.3 219 6
P03-9a M1m 0.0069 2.6 139 3 0.0216 2.7 138 4 0.2707 2.8 243 6
P03-9a M1m 0.0078 2.6 157 4 0.0240 2.6 153 4 0.3069 2.8 272 7
P03-9a M1m 0.0070 2.6 140 3 0.0215 2.6 137 4 0.2351 2.9 214 6
P03-10 M1m 0.0059 2.4 120 3 0.0194 2.6 124 3 0.2890 2.8 258 6
P03-10 M1m 0.0061 2.6 122 3 0.0200 2.9 128 4 0.2526 5.6 229 11
P03-10 M1m 0.0061 2.6 124 3 0.0204 2.9 130 4 0.3855 3.5 331 10
P03-10 M1m 0.0064 2.5 129 3 0.0192 2.6 123 3 0.2236 3.0 205 6
P03-10 M1m 0.0066 3.1 132 4 0.0196 3.9 125 5 1.7906 4.4 1042 29
P03-10 M1m 0.0066 2.4 132 3 0.0213 2.7 136 4 0.2632 3.4 237 7
P03-10 M1m 0.0070 2.6 141 3 0.0214 2.6 136 4 0.1787 2.8 167 4
P03-10 M1m 0.0071 2.5 143 3 0.0221 2.6 141 4 0.2042 2.8 189 5
P03-10  M1i 0.0068 2.3 138 3 0.0215 2.4 137 3 0.1725 2.6 162 4
P03-10  M1i 0.0074 2.4 149 4 0.0234 2.5 149 4 0.2824 2.7 253 6
P03-10  M1i 0.0076 2.4 153 4 0.0241 2.5 153 4 0.2807 2.6 251 6
P03-10  M1i 0.0077 2.3 155 4 0.0241 2.5 154 4 0.3135 2.5 277 6
P03-10  M1i 0.0077 2.3 155 4 0.0242 2.5 154 4 0.2313 2.5 211 5
P03-9a  M1i 0.0073 2.2 146 3 0.0227 2.4 145 3 0.2606 2.5 235 5






















M1 and M0 monazite (Sidironero)
Isotopic ratios Ages (Ma) Isotopic ratios Ages (Ma) Isotopic ratios Ages (Ma)
Sample 208Pb/232Th 2σ (%) 208Pb/232Th 2σ 206Pb/238U 2σ (%) 206Pb/238U 2σ 207Pb/235U 2σ (%) 207Pb/235U 2σ 
P03-10  M1i 0.0077 2.3 155 4 0.0242 2.5 154 4 0.2313 2.5 211 5
P03-9a  M1i 0.0073 2.2 146 3 0.0227 2.4 145 3 0.2606 2.5 235 5
P03-9a  M1i 0.0077 2.3 155 3 0.0238 2.3 152 4 0.3351 2.5 294 6
P03-9a  M1i 0.0068 2.4 137 3 0.0217 2.4 138 3 0.2915 2.6 260 6
P03-9a  M1i 0.0077 2.3 154 3 0.0240 2.3 153 4 0.3228 2.5 284 6
P03-9b  M1i 0.0072 2.2 144 3 0.0235 2.4 150 4 0.3720 2.6 321 7
P03-9b  M1i 0.0075 2.1 152 3 0.0236 2.4 151 4 0.3152 2.6 278 6
P03-9b  M1i 0.0074 2.2 149 3 0.0234 2.4 149 4 0.3063 2.7 271 7
P03-9b  M1i 0.0069 2.3 139 3 0.0228 2.4 146 3 0.3647 2.6 316 7
P03-9b  M1i 0.0071 2.2 144 3 0.0233 2.3 149 3 0.3716 2.5 321 7
P03-9b  M1i 0.0073 2.2 147 3 0.0235 2.3 150 3 0.3762 2.5 324 7
P03-9b  M1i 0.0083 2.2 168 4 0.0261 2.4 166 4 0.5372 2.6 437 9
P03-9b  M1i 0.0084 2.4 168 4 0.0276 2.6 175 4 0.6629 2.7 516 11
P03-9b  M1i 0.0072 2.5 145 4 0.0235 2.6 150 4 0.3767 2.7 325 8
P03-9b  M1i 0.0066 2.1 132 3 0.0214 2.2 136 3 0.3488 2.5 304 7
P03-9b  M1i 0.0075 2.1 152 3 0.0234 2.2 149 3 0.2822 2.3 252 5
P03-9b  M1i 0.0075 2.1 150 3 0.0231 2.3 147 3 0.2649 2.4 239 5
P03-9b  M1i 0.0073 2.2 146 3 0.0231 2.3 147 3 0.2845 2.4 254 5
P03-9b  M1i 0.0066 2.1 133 3 0.0208 2.2 133 3 0.2673 2.4 241 5
P03-9b  M1i 0.0071 2.3 143 3 0.0227 2.4 144 3 0.2825 3.3 253 7
P03-9b  M1i 0.0071 2.3 143 3 0.0221 2.3 141 3 0.2704 2.4 243 5
P03-9b  M1i 0.0075 2.1 151 3 0.0234 2.2 149 3 0.2804 2.3 251 5
P03-9b  M1i 0.0072 2.2 145 3 0.0234 2.2 149 3 0.2874 2.3 257 5
P03-9a  M1i 0.0069 2.3 138 3 0.0221 2.4 141 3 0.2208 2.6 203 5
P03-9a  M1i 0.0068 2.4 137 3 0.0216 2.3 138 3 0.2240 2.6 205 5
P03-9b  M1i 0.0076 2.1 153 3 0.0240 2.3 153 4 0.3352 2.5 294 7
P03-9b  M1i 0.0066 2.1 133 3 0.0209 2.3 133 3 0.2686 2.4 242 5
P03-9b  M1i 0.0071 2.3 143 3 0.0235 2.4 150 4 0.3357 3.0 294 8
P03-9b  M1i 0.0063 2.2 128 3 0.0202 2.3 129 3 0.2572 2.6 232 5
P03-9b M1m 0.0070 2.3 140 3 0.0217 2.5 139 3 0.1972 2.6 183 4
P03-9b M1i 0.0057 2.1 115 3 0.0202 2.4 129 3 0.3055 2.7 271 6
P03-9b M1i 0.0060 2.3 121 3 0.0226 2.3 144 3 0.3609 2.5 313 7
P03-9b M1m 0.0070 2.3 141 3 0.0234 2.2 149 3 0.4269 2.4 361 7
P03-9b M1m 0.0070 2.3 141 3 0.0234 2.3 149 3 0.3786 2.6 326 7
P03-9b M1m 0.0078 2.3 156 4 0.0231 2.3 147 3 0.2449 2.5 222 5
P03-9b M1i 0.0070 2.3 140 3 0.0207 2.4 132 3 0.3956 2.5 339 7
P03-9b M1i 0.0076 2.4 152 3 0.0226 2.3 144 3 0.2030 2.3 188 4
P03-9b M1i 0.0071 2.2 144 3 0.0214 2.3 136 3 0.2112 2.5 195 5
P03-9b M1i 0.0061 2.3 123 3 0.0226 2.5 144 3 0.4604 2.9 385 9
P03-9b M1m 0.0063 2.5 128 3 0.0214 2.8 137 4 0.4789 3.3 397 11
P03-9b M1m 0.0067 2.4 135 3 0.0190 2.7 122 3 0.1484 3.5 141 5
P03-9b M1i 0.0065 2.5 130 3 0.0218 2.5 139 3 0.3275 2.8 288 7
P03-9b M1m 0.0072 2.2 145 3 0.0215 2.5 137 3 0.2675 3.1 241 7
P03-9b M1m 0.0075 2.4 151 4 0.0225 2.5 143 4 0.2796 2.9 250 7
P03-9b M1m 0.0062 2.3 125 3 0.0185 2.6 118 3 0.2901 3.6 259 8
P03-9b M1m 0.0074 2.4 148 4 0.0254 2.9 162 5 0.7305 4.0 557 17
P03-9b M0 0.0090 2.4 182 4 0.0364 2.6 231 6 1.6906 2.7 3648 37
P03-9b M0 0.0093 2.4 187 4 0.0332 2.7 210 5 1.4275 2.8 3531 42
P03-9b M0 0.0089 2.2 179 4 0.0361 2.5 229 6 1.5144 2.7 3492 40
M1 monazite (Chepelare)
Isotopic ratios Ages (Ma) Isotopic ratios Ages (Ma) Isotopic ratios Ages (Ma)
Sample 208Pb/232Th 2σ (%) 208Pb/232Th 2σ 206Pb/238U 2σ (%) 206Pb/238U 2σ 207Pb/235U 2σ (%) 207Pb/235U 2σ 







Isotopic ratios Ages (Ma) Isotopic ratios Ages (Ma) Isotopic ratios Ages (Ma)
Sample 208Pb/232Th 2σ (%) 208Pb/232Th 2σ 206Pb/238U 2σ (%) 206Pb/238U 2σ 207Pb/235U 2σ (%) 207Pb/235U 2σ 
P04-630 M1m 0.0062 2.3 125 3 0.0201 2.6 128 3 0.2202 2.7 202 5
P04-630 M1m ! ! 
 
 ! ! 
 
 !	 !	  
P04-630 M1m 0.0068 2.4 136 3 0.0223 2.6 142 4 0.2345 2.7 214 5
P04-630 M1m 0.0070 2.3 141 3 0.0225 2.6 144 4 0.2600 2.7 235 6
P04-630 M1m 0.0074 2.2 148 3 0.0238 2.6 152 4 0.2973 2.7 264 6
P04-630 M1m 0.0066 2.4 133 3 0.0210 2.6 134 3 0.1671 2.6 157 4
P04-630 M1m 0.0062 2.3 124 3 0.0201 2.6 129 3 0.1733 2.7 162 4
P04-630 M1m 0.0063 2.2 127 3 0.0207 2.6 132 3 0.1885 2.7 175 4
P04-630 M1m 0.0068 2.4 136 3 0.0217 2.6 139 4 0.2015 2.7 186 5
P04-630 M1m 0.0060 2.3 122 3 0.0200 2.6 128 3 0.1617 2.6 152 4
P04-630 M1m 0.0060 2.3 121 3 0.0198 2.6 126 3 0.1463 2.8 139 4
P04-630 M1m 0.0058 2.4 116 3 0.0184 2.6 118 3 0.1649 2.7 155 4
P04-630 M1m 0.0066 2.4 133 3 0.0199 2.6 127 3 0.1520 2.8 144 4
P04-630 M1m 0.0068 2.4 137 3 0.0208 2.6 132 3 0.1726 2.6 162 4
P04-630 M1m 0.0069 2.3 140 3 0.0224 2.6 143 4 0.2000 2.6 185 5
P04-630 M1m 0.0077 2.3 155 4 0.0239 2.6 152 4 0.2275 2.6 208 5
P04-630 M1m 0.0068 2.3 137 3 0.0212 2.7 135 4 0.1517 2.7 143 4
ZA-877 M1m ! !
 
 




P04-630 M1m 0.0060 2.3 122 3 0.0195 2.7 125 3 0.1713 2.8 161 4
P04-630 M1m 0.0067 2.4 134 3 0.0212 2.7 135 4 0.2087 2.9 193 5
P04-630 M1m 0.0060 2.3 122 3 0.0193 2.7 123 3 0.1805 2.8 169 4
ZA-877  M1 0.0069 2.3 139 3 0.0219 2.6 140 4 0.1857 2.8 173 5
ZA-877  M1 0.0067 2.4 135 3 0.0207 2.7 132 4 0.8378 2.9 618 13
ZA-877  M1 0.0074 2.4 150 4 0.0226 2.6 144 4 0.2760 2.6 247 6
ZA-877  M1 0.0071 2.5 143 3 0.0222 2.5 141 4 0.2017 2.7 187 5
ZA-877  M1 0.0070 2.6 142 3 0.0222 2.5 141 4 0.2935 2.7 261 6
ZA-877  M1 0.0072 2.5 144 3 0.0217 2.5 138 3 0.2203 2.6 202 5
ZA-877  M1 0.0072 2.5 144 3 0.0215 2.5 137 3 0.1874 2.6 174 4
ZA-877  M1 0.0068 2.3 137 3 0.0211 2.6 134 3 0.2204 2.8 202 5
ZA-877  M1 0.0074 2.4 148 4 0.0228 2.5 145 4 0.2254 2.6 206 5
ZA-877  M1 0.0067 2.4 135 3 0.0206 2.5 131 3 0.1731 2.8 162 4
ZA-877  M1 0.0076 2.4 153 4 0.0243 2.6 155 4 0.5330 2.9 434 10
ZA-877  M1 0.0059 2.4 119 3 0.0177 2.5 113 3 0.1278 2.7 122 3
ZA-877  M1 0.0068 2.4 136 3 0.0209 2.5 133 3 0.1557 2.6 147 4
ZA-877  M1 0.0066 2.4 132 3 0.0201 2.5 128 3 0.1475 2.9 140 4
ZA-877  M1 0.0063 2.5 127 3 0.0195 2.5 124 3 0.1407 3.0 134 4
ZA-877  M1 0.0072 2.5 145 3 0.0224 2.5 143 4 0.2376 2.7 217 5
HP28 M1m 0.0077 2.3 155 4 0.0246 2.7 157 4 0.3599 2.8 312 8
HP28 M1m 0.0071 2.2 144 3 0.0222 2.6 141 4 0.2224 2.7 204 5
HP28 M1m 0.0072 2.2 146 3 0.0225 2.7 143 4 0.2175 2.7 200 5
HP28 M1m 0.0064 2.5 129 3 0.0203 2.7 129 3 0.2063 2.8 191 5
HP28 M1m 0.0067 2.4 135 3 0.0215 2.7 137 4 0.2334 2.8 213 5
HP28 M1m 0.0075 2.4 150 4 0.0231 2.7 148 4 0.2274 2.9 208 5
HP28 M1m 0.0065 2.4 132 3 0.0203 2.8 130 3 0.1620 3.2 152 5
HP28 M1m 0.0069 2.3 138 3 0.0216 2.7 138 4 0.2024 2.9 187 5
HP28 M1m 0.0073 2.5 146 3 0.0229 2.7 146 4 0.2168 3.0 199 5
HP28 M1m 0.0070 2.3 141 3 0.0219 2.7 140 4 0.2147 2.9 198 5
P04-630V M1m 0.0062 2.3 124 3 0.0200 2.6 128 3 0.2300 3.2 210 6
P04-630V M1m 0.0078 2.3 156 4 0.0251 2.6 160 4 0.3269 3.4 287 8
P04-630V M1m 0.0077 2.3 154 4 0.0244 2.6 156 4 0.2768 3.5 248 8
P04-630V M1m 0.0074 2.4 150 4 0.0232 2.7 148 4 0.2748 3.5 247 8







Isotopic ratios Ages (Ma) Isotopic ratios Ages (Ma) Isotopic ratios Ages (Ma)
Sample 208Pb/232Th 2σ (%) 208Pb/232Th 2σ 206Pb/238U 2σ (%) 206Pb/238U 2σ 207Pb/235U 2σ (%) 207Pb/235U 2σ 
P04-630V M1i 0.0062 2.3 124 3 0.0205 2.9 131 4 0.1427 7.3 136 9
P04-630V M1i 0.0063 2.5 127 3 0.0204 3.1 130 4 0.1775 7.8 166 12
ZA877  M1 0.0070 2.6 142 4 0.0220 2.8 140 4 0.1743 2.9 163 4
ZA877  M1 0.0072 2.5 145 4 0.0215 2.8 137 4 0.1536 2.8 145 4
ZA877  M1 0.0069 2.6 138 4 0.0206 2.8 131 4 0.1455 2.8 138 4
ZA877  M1 0.0070 2.6 141 4 0.0218 2.8 139 4 0.1675 3.6 157 5
ZA877  M1 0.0069 2.6 140 4 0.0214 2.8 136 4 0.1633 2.8 154 4
ZA877  M1 0.0071 2.5 143 4 0.0215 2.8 137 4 0.1713 3.0 161 4
ZA877  M1 0.0070 2.6 141 4 0.0224 2.8 143 4 0.1876 3.1 175 5
ZA877  M1 0.0073 2.5 146 4 0.0224 2.8 143 4 0.1695 2.8 159 4
ZA877  M1 0.0057 2.4 115 3 0.0171 2.8 109 3 0.1107 3.4 107 3
ZA877  M1 0.0073 2.5 148 4 0.0223 2.8 142 4 0.1763 2.8 165 4
ZA877  M1 0.0065 2.5 131 3 0.0203 2.8 129 4 0.1459 3.4 138 4
ZA877  M1 0.0072 2.5 145 4 0.0221 2.7 141 4 0.1661 2.7 156 4
ZA877  M1 0.0073 2.5 147 4 0.0219 2.7 140 4 0.1705 2.8 160 4
ZA877  M1 0.0065 2.5 131 3 0.0210 2.8 134 4 0.1616 3.0 152 4
ZA877  M1 0.0062 2.6 125 3 0.0191 2.7 122 3 0.1456 2.8 138 4
ZA877  M1 0.0062 2.6 124 3 0.0188 2.8 120 3 0.1315 3.0 125 4
ZA877  M1 0.0065 2.4 132 3 0.0201 2.7 129 3 0.1416 2.9 135 4
ZA877  M1 0.0068 2.6 137 3 0.0215 2.7 137 4 0.1618 2.8 152 4
ZA877  M1 0.0073 2.5 148 4 0.0226 2.7 144 4 0.1822 2.8 170 4
ZA877  M1 0.0077 2.6 154 4 0.0236 2.7 150 4 0.2849 3.0 255 7
ZA877  M1 0.0080 2.5 162 4 0.0244 2.7 156 4 0.2057 3.7 190 6
ZA877  M1 0.0075 2.4 150 4 0.0228 2.6 146 4 0.2284 3.1 209 6
ZA877  M1 0.0066 2.4 134 3 0.0203 2.6 129 3 0.1427 2.7 135 3
ZA877  M1 0.0065 2.5 132 3 0.0202 2.6 129 3 0.1401 2.8 133 3
ZA877  M1 0.0074 2.4 149 4 0.0224 2.7 143 4 0.1730 3.7 162 6
ZA877  M1 0.0073 2.5 146 4 0.0226 2.6 144 4 0.1998 2.6 185 4
ZA877  M1 0.0066 2.4 133 3 0.0206 2.6 131 3 0.1537 2.9 145 4
ZA877  M1 0.0069 2.3 138 3 0.0211 2.6 134 3 0.1548 2.8 146 4
ZA877  M1 0.0058 2.4 116 3 0.0180 2.7 115 3 0.1200 3.8 115 4
ZA877  M1 0.0071 2.5 143 3 0.0219 2.6 140 4 0.1828 2.7 171 4
ZA877  M1 0.0066 2.4 133 3 0.0204 2.6 130 3 0.1392 3.0 132 4
ZA877  M1 0.0076 2.4 153 4 0.0236 2.5 150 4 0.2681 2.6 241 6
ZA877  M1 0.0072 2.5 144 4 0.0216 2.6 138 3 0.1644 2.6 155 4
ZA877  M1 0.0073 2.5 146 4 0.0218 2.6 139 4 0.1670 2.6 157 4
ZA877  M1 0.0071 2.6 142 3 0.0214 2.5 137 3 0.1568 2.7 148 4
ZA877  M1 0.0065 2.5 132 3 0.0209 2.6 134 3 0.1484 2.7 141 4
ZA877  M1 0.0056 2.5 112 3 0.0182 2.6 116 3 0.1275 3.2 122 4
ZA877  M1 0.0065 2.5 131 3 0.0202 2.6 129 3 0.1505 2.8 142 4
ZA877  M1 0.0073 2.5 147 4 0.0226 2.8 144 4 0.1635 5.1 154 7
ZA877  M1 0.0067 2.4 135 3 0.0206 2.5 132 3 0.1519 2.7 144 4
ZA877  M1 0.0068 2.4 136 3 0.0207 2.5 132 3 0.1530 2.6 145 4
ZA877  M1 0.0068 2.4 137 3 0.0211 2.6 135 3 0.1469 2.6 139 3
ZA877  M1 0.0072 2.5 144 4 0.0217 2.5 138 3 0.1574 2.6 148 4
ZA877  M1 0.0067 2.4 136 3 0.0207 2.5 132 3 0.1476 3.1 140 4
ZA877  M1 0.0063 2.6 126 3 0.0188 2.6 120 3 0.1263 3.3 121 4
HP28 M1m 0.0070 2.6 141 3 0.0214 2.6 137 4 0.2238 2.8 205 5
HP28 M1m 0.0071 2.5 143 3 0.0221 2.6 141 4 0.2170 2.8 199 5
HP28 M1m 0.0070 2.6 142 3 0.0220 2.6 140 4 0.2135 2.8 197 5
HP28 M1m 0.0058 2.4 116 3 0.0176 2.7 113 3 0.1326 3.8 126 5







Isotopic ratios Ages (Ma) Isotopic ratios Ages (Ma) Isotopic ratios Ages (Ma)
Sample 208Pb/232Th 2σ (%) 208Pb/232Th 2σ 206Pb/238U 2σ (%) 206Pb/238U 2σ 207Pb/235U 2σ (%) 207Pb/235U 2σ 
HP28 M1m 0.0070 2.6 141 3 0.0217 2.6 138 4 0.1868 2.8 174 5
HP28 M1m 0.0069 2.3 139 3 0.0215 2.6 137 4 0.1964 2.9 182 5
HP28 M1m 0.0069 2.3 140 3 0.0215 2.6 137 4 0.1944 2.9 180 5
HP28 M1m 0.0071 2.6 142 3 0.0217 2.6 138 4 0.1926 2.8 179 5
HP28 M1m 0.0065 2.5 130 3 0.0199 2.6 127 3 0.1418 3.2 135 4
HP28 M1m 0.0062 2.6 125 3 0.0192 2.6 122 3 0.1310 3.1 125 4
HP28 M1m 0.0073 2.5 146 4 0.0219 2.6 140 4 0.1574 3.1 148 4
HP28 M1m 0.0069 2.3 139 3 0.0217 2.6 138 4 0.2007 3.0 186 5
HP28 M1m 0.0064 2.5 130 3 0.0197 2.6 126 3 0.1444 3.2 137 4
HP28 M1m 0.0068 2.3 138 3 0.0213 2.6 136 4 0.1671 3.4 157 5
HP28 M1m 0.0069 2.6 139 3 0.0215 2.7 137 4 0.1648 3.8 155 5
HP28 M1m 0.0068 2.3 138 3 0.0215 2.7 137 4 0.2363 2.9 215 6
HP28 M1m 0.0067 2.4 135 3 0.0213 2.7 136 4 0.2349 3.0 214 6
HP28 M1m 0.0062 2.6 125 3 0.0198 2.8 126 3 0.1673 3.7 157 5
HP28 M1m 0.0063 2.5 127 3 0.0195 2.7 125 3 0.1518 3.1 144 4
HP28 M1m 0.0064 2.5 128 3 0.0206 2.8 131 4 0.1882 3.7 175 6
HP28 M1m 0.0073 2.5 147 4 0.0229 2.7 146 4 0.2120 3.0 195 5
HP28 M1m 0.0064 2.5 128 3 0.0195 2.7 125 3 0.1474 3.2 140 4
HP28 M1m 0.0069 2.3 138 3 0.0211 2.7 135 4 0.1567 3.2 148 4
HP28 M1m 0.0069 2.3 139 3 0.0218 2.7 139 4 0.2039 3.0 188 5
HP28 M1m 0.0064 2.5 129 3 0.0199 2.7 127 3 0.1482 3.4 140 4
HP28 M1m 0.0065 2.5 131 3 0.0204 2.6 130 3 0.1917 3.0 178 5
HP28 M1m 0.0065 2.5 131 3 0.0200 2.7 127 3 0.1425 3.3 135 4
HP28 M1m 0.0068 2.4 136 3 0.0213 2.6 136 4 0.1882 3.1 175 5
HP28 M1m 0.0071 2.5 143 3 0.0231 2.7 147 4 0.2422 3.4 220 7
HP28 M1m 0.0069 2.3 139 3 0.0220 2.6 140 4 0.1949 3.2 181 5
HP28 M1m 0.0078 2.3 158 4 0.0242 2.6 154 4 0.2149 3.2 198 6
M34(2) M1m 0.0064 2.2 129 3 0.0203 2.6 129 3 0.1780 3.7 166 6
M34(2) M1m 0.0064 2.2 129 3 0.0204 2.5 130 3 0.1716 3.0 161 4
M34(2) M1m 0.0071 2.2 144 3 0.0224 2.4 143 3 0.2560 2.5 231 5
M34(2) M1m 0.0067 2.1 135 3 0.0211 2.5 135 3 0.1792 2.9 167 4
HP23 M1m 0.0066 2.4 133 3 0.0209 2.5 134 3 0.1517 3.2 143 4
HP23 M1m 0.0068 2.4 136 3 0.0211 2.5 135 3 0.1918 2.9 178 5
HP23 M1m 0.0070 2.3 142 3 0.0220 2.5 140 3 0.2147 2.8 198 5
HP23 M1m 0.0066 2.4 134 3 0.0207 2.5 132 3 0.1965 2.9 182 5
HP23 M1m 0.0068 2.4 137 3 0.0214 2.5 137 3 0.1791 3.0 167 5
HP23 M1m 0.0062 2.3 125 3 0.0195 2.5 125 3 0.1738 3.1 163 5
HP23 M1m 0.0066 2.4 133 3 0.0205 2.4 131 3 0.1675 2.8 157 4
HP23 M1m 0.0069 2.3 139 3 0.0217 2.5 138 3 0.2153 2.9 198 5
HP23 M1m 0.0073 2.2 148 3 0.0237 2.5 151 4 0.2533 2.9 229 6
HP23 M1m 0.0072 2.2 144 3 0.0231 2.5 147 4 0.2309 3.0 211 6
HP23 M1m 0.0070 2.3 141 3 0.0226 2.5 144 4 0.1880 3.0 175 5
HP23 M1m 0.0073 2.2 146 3 0.0228 2.5 146 4 0.2663 2.8 240 6
HP23 M1m 0.0065 2.2 130 3 0.0209 2.5 133 3 0.2297 2.8 210 5
HP23 M1m 0.0072 2.2 146 3 0.0229 2.4 146 4 0.2325 2.8 212 5
HP23 M1m 0.0079 2.3 160 4 0.0243 2.5 155 4 0.2780 2.8 249 6
HP23 M1m 0.0067 2.4 136 3 0.0218 2.6 139 3 0.1642 3.5 154 5
HP23 M1m 0.0069 2.3 138 3 0.0226 2.6 144 4 0.1922 3.4 179 6
HP23 M1m 0.0065 2.5 131 3 0.0209 2.8 133 4 0.2136 4.7 197 8
HP23 M1m 0.0073 2.2 147 3 0.0230 2.5 147 4 0.2436 3.0 221 6
HP23 M1m 0.0066 2.4 132 3 0.0211 2.6 135 3 0.1647 3.9 155 6







Isotopic ratios Ages (Ma) Isotopic ratios Ages (Ma) Isotopic ratios Ages (Ma)
Sample 208Pb/232Th 2σ (%) 208Pb/232Th 2σ 206Pb/238U 2σ (%) 206Pb/238U 2σ 207Pb/235U 2σ (%) 207Pb/235U 2σ 
HP23 M1m 0.0064 2.2 130 3 0.0203 2.6 130 3 0.1544 3.7 146 5
HP28 M1m 0.0075 2.1 151 3 0.0230 2.4 146 3 0.2653 2.7 239 6
HP28 M1m 0.0073 2.2 148 3 0.0231 2.4 147 3 0.1907 2.7 177 4
HP28 M1m 0.0067 2.4 136 3 0.0218 2.5 139 3 0.1858 3.2 173 5
HP28 M1m 0.0072 2.2 145 3 0.0229 2.4 146 4 0.2168 2.8 199 5
HP28 M1m 0.0073 2.2 146 3 0.0227 2.5 145 3 0.2185 2.8 201 5
HP28 M1m 0.0071 2.3 143 3 0.0221 2.4 141 3 0.2177 2.8 200 5
HP28 M1m 0.0066 2.4 132 3 0.0208 2.5 133 3 0.1619 3.3 152 5
HP28 M1m 0.0073 2.2 146 3 0.0229 2.4 146 4 0.2323 2.9 212 6
HP28 M1m 0.0060 2.3 121 3 0.0185 2.6 118 3 0.1289 4.4 123 5
HP28 M1m 0.0067 2.4 134 3 0.0210 2.6 134 3 0.2039 3.6 188 6
HP28 M1m 0.0072 2.2 144 3 0.0223 2.5 142 4 0.2032 3.0 188 5
HP28 M1m 0.0072 2.2 145 3 0.0225 2.5 144 4 0.2103 3.0 194 5
HP28 M1m 0.0071 2.3 143 3 0.0223 2.5 142 4 0.1890 3.0 176 5
HP28 M1m 0.0067 2.4 135 3 0.0212 2.5 135 3 0.2022 3.0 187 5
HP28 M1m 0.0071 2.2 144 3 0.0227 2.6 145 4 0.2001 3.1 185 5
HP28 M1m 0.0068 2.4 137 3 0.0209 2.7 133 4 0.1475 4.4 140 6
HP28 M1m 0.0061 2.3 123 3 0.0189 2.9 121 3 0.1319 5.9 126 7
HP28 M1m 0.0077 2.3 154 4 0.0246 2.7 157 4 0.2478 3.7 225 8
HP28 M1m 0.0074 2.4 150 4 0.0234 2.7 149 4 0.2313 3.6 211 7
HP28 M1m 0.0074 2.4 149 4 0.0243 2.6 155 4 0.3197 3.4 282 8
HP28 M1m 0.0065 2.5 130 3 0.0208 2.8 133 4 0.1737 4.5 163 7
HP28 M1m 0.0072 2.5 145 4 0.0224 2.8 143 4 0.1858 4.5 173 7
ZA877 M1 ! 2.5 
 
 !
 2.9   !
 4.1 	 
ZA877 M1 ! 2.4 
 
 ! 2.5 
 
 !
 2.7 	 
ZA877 M1 ! 2.6 
  ! 2.7  
 ! 4.4 
 
ZA877 M1 ! 4.9   ! 6.1   ! 23.0  
ZA877 M1 !		 2.3   ! 2.5   ! 2.8  

HP28 M1m 0.0079 2.5 160 4 0.0275 2.8 175 5 0.6581 3.0 513 12
ZA877 M1 0.0072 2.5 145 4 0.0205 2.8 131 4 0.1541 2.8 146 4
ZA877 M1 0.0071 2.5 143 4 0.0210 2.8 134 4 0.1510 2.8 143 4
ZA877 M1 0.0061 2.6 122 3 0.0172 2.9 110 3 0.2250 4.0 206 7
HP28 M1m 0.0061 2.3 123 3 0.0195 2.9 124 3 0.1755 5.2 164 8
HP28 M1m 0.0081 2.6 163 4 0.0273 2.9 173 5 0.5975 3.4 476 13
M2 monazite (Sidironero)
Isotopic ratios Ages (Ma) Isotopic ratios Ages (Ma) Isotopic ratios Ages (Ma)
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Concordant data
Rt7 ky 0.0531 26 335 532 0.0055 6 35 2 0.0404 25 40 10 0 0 35
Rt7 ky 0.0566 19 474 387 0.0061 5 39 2 0.0479 18 48 8 0 0 33
Rt1 mtx 0.0464 121 17 2074 0.0076 13 49 6 0.0487 121 48 57 0 0 14
Rt1 mtx 0.1074 54 1755 854 0.0060 15 38 6 0.0885 52 86 43 0 0 13
Rt16 grt 0.0650 20 774 389 0.0058 5 37 2 0.0520 19 52 10 0 0 19
Rt15 grt 0.0787 46 1165 797 0.0055 12 35 4 0.0595 44 59 25 0 0 21
Rt2 Grt 0.0546 33 395 665 0.0080 7 51 4 0.0599 32 59 19 0 0 27
Rt7 Grt 0.0470 46 48 950 0.0058 8 37 3 0.0376 46 38 17 0 0 19
Rt9 Grt 0.0733 23 1021 438 0.0059 6 38 2 0.0600 23 59 13 0 0 19
rt10 Grt 0.0580 24 529 490 0.0085 5 55 3 0.0683 24 67 15 0 0 27
rt10 Grt 0.0665 29 822 559 0.0061 8 39 3 0.0555 28 55 15 0 3 31
rt12 Grt 0.0532 23 336 488 0.0060 5 38 2 0.0437 23 43 10 0 0 42
rt13 Grt 0.0781 54 1150 918 0.0057 11 37 4 0.0614 53 61 31 0 0 8
rt13 Grt 0.0931 38 1490 652 0.0060 10 39 4 0.0773 37 76 27 0 0 9
rt14 Grt 0.0517 30 273 621 0.0055 6 35 2 0.0390 29 39 11 0 0 25
Discordant data
Rt14 mtx 0.3291 15 3613 223 0.0081 9 52 5 0.3664 13 317 34 0 0 22
Rt18 mtx 0.0776 20 1137 380 0.0056 6 36 2 0.0601 20 59 11 0 0 21
Rt18 mtx 0.1485 15 2329 254 0.0064 6 41 2 0.1302 14 124 17 0 0 18
RtKy ky 0.1389 12 2214 196 0.0065 5 42 2 0.1252 11 120 12 0 0 28
RtKy ky 0.0862 27 1342 478 0.0057 8 36 3 0.0674 26 66 16 0 0 23
RtKy ky 0.0725 16 1000 315 0.0059 5 38 2 0.0587 16 58 9 0 0 31
RtKy ky 0.1328 17 2135 282 0.0067 6 43 3 0.1219 16 117 18 0 0 17
Rt3 ky 0.0914 16 1455 299 0.0055 5 35 2 0.0689 16 68 10 0 0 27
Rt4 ky 0.1339 20 2150 336 0.0066 7 42 3 0.1212 19 116 21 0 0 10
Rt5 ky 0.5396 10 4353 139 0.0159 7 102 7 1.1823 7 792 41 1 0 15
Rt6 ky 0.1531 48 2380 714 0.0079 20 51 10 0.1676 43 157 63 2 0 8
Rt7 ky 0.0945 13 1518 244 0.0069 5 44 2 0.0894 13 87 11 0 0 25
Rt8 ky 0.0735 17 1029 332 0.0060 5 38 2 0.0605 17 60 10 0 0 35
Rt1 mtx 0.6795 8 4688 117 0.0308 6 196 12 2.8865 6 1378 49 5 0 41
Rt1 mtx 0.0360 44 0 0 0.0065 6 42 3 0.0321 43 32 14 0 0 68
Rt3 mtx 0.1417 15 2248 247 0.0060 5 39 2 0.1170 14 112 15 0 0 40
Rt3 mtx 0.3338 23 3635 338 0.0104 12 67 8 0.4803 20 398 67 0 0 25
Rt1 mtx 0.3497 12 3706 174 0.0079 7 51 4 0.3791 10 326 27 1 0 69
Rt3 mtx 0.1495 24 2341 390 0.0067 9 43 4 0.1375 23 131 28 0 0 21
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Discordant data
Rt3 mtx 0.7405 28 4812 371 0.0079 20 51 10 0.8072 19 601 88 1 0 22
Rt5 mtx 0.1529 31 2378 483 0.0060 11 39 4 0.1268 29 121 33 0 0 7
Rt6 mtx 0.8089 6 4938 83 0.1077 5 659 30 12.0144 5 2606 42 4 0 12
Rt7 mtx 0.4594 17 4116 244 0.0166 11 106 11 1.0542 14 731 72 0 0 4
Rt2 Grt 0.2326 11 3070 174 0.0079 6 51 3 0.2525 10 229 21 0 0 31
Rt4 Grt 0.1015 24 1651 409 0.0055 8 35 3 0.0771 22 76 16 0 0 33
Rt4 Grt 0.0809 22 1219 403 0.0062 6 40 2 0.0689 21 68 14 0 0 32
Rt2 Grt 0.1979 12 2809 186 0.0075 5 48 3 0.2044 11 189 18 0 0 28
Rt4 Grt 0.0954 22 1536 389 0.0067 7 43 3 0.0885 21 86 17 0 0 30
Rt8 Grt 0.0909 19 1445 348 0.0059 5 38 2 0.0741 19 73 13 0 0 21
Rt10 Grt 0.0965 26 1558 448 0.0060 8 38 3 0.0794 25 78 18 0 0 15
Rt11 Grt 0.1660 16 2518 264 0.0057 7 36 3 0.1295 15 124 18 0 0 15
rt10 Grt 0.4369 11 4041 154 0.0082 7 53 4 0.4951 9 408 29 0 0 16
rt13 Grt 0.0907 21 1440 378 0.0068 6 44 3 0.0854 20 83 16 0 0 23
Rt8 grt 0.1246 40 2024 638 0.0060 12 39 5 0.1031 39 100 37 0 0 6



































rt4 mtx 0.0799 37 1194 648 0.0076 8 49 4 0.0835 36 81 28 0 0 8
rt5 mtx 0.0703 41 938 745 0.0060 8 38 3 0.0578 40 57 22 0 0 13
rt9 mtx 0.0503 180 210 2657 0.0058 16 37 6 0.0404 179 40 71 0 0 4
rt9 mtx 0.1030 61 1679 956 0.0065 11 42 5 0.0918 60 89 51 0 0 5
rt10 mtx 0.0549 25 408 511 0.0055 6 35 2 0.0415 24 41 10 0 0 30
rt11 mtx 0.0556 19 438 402 0.0065 5 42 2 0.0499 19 49 9 0 0 38
rt12 mtx 0.1201 50 1957 775 0.0066 12 43 5 0.1100 48 106 49 0 0 4
rt14 mtx 0.0474 108 68 1891 0.0056 16 36 6 0.0367 107 37 38 0 0 11
rt14 mtx 0.0473 61 65 1199 0.0057 7 36 3 0.0369 60 37 22 0 0 12
rt15 mtx 0.0835 40 1281 694 0.0063 10 41 4 0.0730 39 72 27 0 0 14
rt18 grt 0.1178 39 1923 633 0.0056 10 36 3 0.0913 38 89 33 0 0 9
rt18 grt 0.0715 40 973 718 0.0065 6 42 3 0.0645 39 64 24 0 0 13
rt20 grt 0.0562 29 461 585 0.0052 7 34 2 0.0407 28 41 11 0 0 38
rt22 grt 0.0742 25 1047 468 0.0056 8 36 3 0.0571 24 56 13 0 0 17
rt3 mtx 0.0520 52 283 1003 0.0068 10 44 4 0.0485 51 48 24 0 0 11
Discordant data
rt3 mtx 0.0754 23 1078 427 0.0061 7 39 3 0.0632 22 62 13 0 0 13
rt3 mtx 0.1973 20 2804 311 0.0073 10 47 4 0.1982 18 184 30 0 0 11
rt4 mtx 0.1268 41 2054 653 0.0061 13 39 5 0.1073 40 104 39 0 0 10
rt4 mtx 0.1472 35 2314 547 0.0076 13 49 7 0.1548 33 146 44 0 0 8
rt6 mtx 0.3516 40 3714 546 0.0099 17 63 11 0.4783 36 397 118 0 0 2
rt7 mtx 0.3945 27 3888 374 0.0090 20 58 11 0.4894 18 405 61 0 0 7
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Discordant data
rt7 mtx 0.3945 27 3888 374 0.0090 20 58 11 0.4894 18 405 61 0 0 7
Rt7 mtx 0.4899 22 4211 308 0.0120 14 77 11 0.8116 17 603 78 0 0 9
rt9 mtx 0.2463 19 3161 284 0.0083 7 53 4 0.2810 18 252 39 0 0 7
rt9 mtx 0.6762 7 4681 95 0.0301 5 191 10 2.8068 5 1357 40 0 0 5
rt11 mtx 0.3895 21 3869 298 0.0103 13 66 8 0.5532 17 447 61 0 0 8
rt11 mtx 0.5592 7 4405 98 0.0208 5 133 7 1.6020 6 971 35 0 0 7
rt12 mtx 0.2302 31 3053 463 0.0068 11 43 5 0.2146 30 197 53 0 0 5
rt13 mtx 0.4047 32 3927 438 0.0080 18 51 9 0.4449 26 374 82 0 0 8
rt15 mtx 0.1221 24 1987 400 0.0064 9 41 4 0.1071 23 103 22 0 0 13
rt15 mtx 0.1489 20 2333 328 0.0072 7 46 3 0.1467 19 139 25 0 0 12
rt16 grt 0.3137 19 3539 272 0.0097 10 62 7 0.4210 16 357 47 0 0 12
rt17 grt 0.7306 13 4792 175 0.0351 9 222 21 3.5334 9 1535 72 1 0 10
rt18 grt 0.1087 21 1778 354 0.0066 7 42 3 0.0986 20 95 18 0 0 10
rt18 grt 0.6599 7 4646 99 0.0266 5 169 9 2.4169 6 1248 40 1 0 10
rt19 grt 0.7045 8 4740 117 0.0334 6 212 13 3.2425 6 1467 49 1 0 10
rt19 grt 0.2755 17 3338 251 0.0076 9 49 4 0.2880 14 257 33 0 0 12
rt21 grt 0.0903 29 1432 509 0.0058 8 37 3 0.0725 28 71 19 0 0 13
rt7 mtx 0.3561 29 3733 405 0.0043 16 28 4 0.2124 24 196 43 0 0 10
rt6 mtx 0.4100 44 3946 587 0.0062 27 40 11 0.3497 35 305 91 0 0 1
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Paramètres Standard Sr Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb U Th
Analyses de Moacyr (en ppm)
8mJ/1Hz/11μm NIST610 2 5783 119376 234875 26407 91148 18442 369 8133 770 2363 232 382 42 221 20 2586 1004 65854
8mJ/1Hz/11μm NIST610 2 5772 119376 234651 26279 90678 18428 367 8100 767 2362 229 379 42 220 20 2572 1010 66041
8mJ/1Hz/11μm NIST610 2 5804 119376 236379 26590 91481 18512 367 8165 776 2375 232 385 43 220 21 2589 1012 66651
8mJ/1Hz/11μm NIST610 2 5626 119376 235111 26636 91873 18731 373 8167 778 2404 237 390 44 225 21 2751 1054 69266
8mJ/1Hz/11μm NIST610 2 5635 119376 236020 26573 92543 18922 374 8283 791 2437 238 392 44 227 21 2740 1064 69495
8mJ/1Hz/11μm NIST610 2 5650 119376 236298 26810 92527 18881 377 8241 785 2420 237 390 44 226 21 2723 1047 68793
8mJ/1Hz/11μm NIST610 2 5694 119376 234509 26347 90878 18239 367 7997 751 2325 224 371 41 214 20 2446 929 62591
8mJ/1Hz/11μm NIST610 2 5708 119376 235821 26572 91232 18364 369 8040 758 2324 226 376 42 218 20 2507 939 63069
8mJ/1Hz/11μm NIST610 2 5760 119376 235153 26393 90898 18337 364 7977 749 2311 225 374 41 214 20 2518 931 62646
8mJ/1Hz/11μm NIST610 2 5721 119376 236296 26727 91063 18441 367 7973 751 2336 225 372 42 213 20 2530 930 62624
8mJ/1Hz/11μm NIST610 1 5717 119376 235414 26436 90989 18337 366 7949 755 2320 225 374 41 215 20 2547 933 63580
8mJ/1Hz/11μm NIST610 1 5731 119376 238508 26548 91905 18543 367 8028 757 2346 228 375 41 216 20 2550 937 63436
8mJ/1Hz/11μm NIST610 2 5760 119376 236140 26616 91694 18432 366 8054 763 2337 227 376 42 217 20 2480 936 63184
8mJ/1Hz/11μm NIST610 1 5585 119376 237227 26545 91109 18659 367 8083 770 2372 228 376 42 216 20 2575 983 65412
8mJ/1Hz/11μm NIST610 2 5564 119376 236189 26513 90983 18637 364 8047 760 2352 224 373 42 215 20 2587 983 64680
8mJ/1Hz/11μm NIST610 2 5585 119376 236225 26846 90421 18740 365 8009 766 2364 228 373 42 220 20 2652 986 64555
8mJ/1Hz/11μm NIST610 2 5648 119376 236471 26725 91378 18611 364 8036 770 2362 228 378 41 216 20 2555 981 65326
8mJ/1Hz/11μm NIST610 2 5667 119376 235900 26394 90992 18581 361 8038 759 2332 224 373 41 215 20 2495 958 63761
8mJ/1Hz/11μm NIST610 1 5660 119376 236676 26392 90683 18571 362 7936 757 2327 224 370 41 215 19 2549 952 63485
8mJ/1Hz/11μm NIST610 2 5648 119376 235119 26498 89943 18474 361 7963 755 2318 221 369 41 212 19 2538 956 63291
8mJ/1Hz/11μm NIST610 2 5634 119376 235778 26489 90208 18456 360 7944 753 2316 221 367 41 212 19 2538 954 63294
8mJ/1Hz/11μm NIST610 2 5719 119376 237042 26557 90061 18498 361 7947 745 2325 221 366 40 211 19 2528 946 63018
6mJ/1Hz/11μm NIST610 2 5865 119376 237027 26830 92192 18765 378 8104 793 2418 235 395 43 235 21 2524 944 61916
6mJ/1Hz/11μm NIST610 1 5910 119376 234523 26598 90656 18562 374 7918 779 2396 234 387 43 230 21 2499 933 61967
6mJ/1Hz/11μm NIST610 2 5823 119376 236656 26856 91454 18630 377 7924 774 2395 234 386 42 231 21 2564 949 62537
6mJ/1Hz/11μm NIST610 1 5830 119376 235417 26552 91580 18588 374 7895 781 2407 235 390 43 234 21 2413 937 62743
6mJ/1Hz/11μm NIST610 2 5812 119376 234537 26545 90778 18551 371 7829 775 2379 232 388 43 231 21 2427 934 62397
6mJ/1Hz/33μm NIST610 2 5613 119376 236535 26785 92426 18642 371 8309 785 2417 227 381 42 218 20 2439 989 62987
6mJ/1Hz/33μm NIST610 2 5621 119376 237015 26891 92503 18663 373 8379 785 2423 228 380 42 220 20 2504 994 63519
6mJ/1Hz/33μm NIST610 2 5435 119376 239752 26983 92521 18757 373 8279 776 2377 223 371 41 217 19 2698 1019 62982
6mJ/1Hz/33μm NIST610 2 5532 119376 237233 27055 92933 18757 373 8398 791 2443 230 383 42 220 20 2489 1015 64614
8mJ/1Hz/11μm NIST610 2 5809 119376 236000 26371 90416 18308 367 8208 770 2360 228 382 42 221 20 2644 1005 65155
8mJ/1Hz/11μm NIST610 2 5831 119376 236158 26497 90692 18435 369 8240 772 2383 232 385 43 224 21 2614 1017 65577
8mJ/1Hz/11μm NIST610 2 5883 119376 236180 26708 90563 18519 372 8277 776 2386 232 386 43 223 21 2638 1020 66226
8mJ/1Hz/11μm NIST610 2 5821 119376 237051 26546 91146 18570 371 8253 776 2396 232 385 43 226 21 2637 1024 66954
8mJ/1Hz/11μm NIST610 2 5791 119376 237025 26553 90652 18517 370 8277 774 2383 229 383 43 224 21 2646 1016 66066
8mJ/1Hz/11μm Moacyr 19 1729 115112 222058 23264 81592 9790 31 4102 283 741 71 91 6 19 2 3456 2282 117761
8mJ/1Hz/11μm Moacyr 20 1716 115112 225813 23595 82307 9867 31 4107 283 744 70 90 6 20 2 3470 2274 116937
8mJ/1Hz/11μm Moacyr 19 1689 115112 223547 23301 81824 9701 31 4031 278 737 70 89 5 19 2 3450 2257 115929
%	;
Annexes 5-A : Mesure des éléments en trace au LA-




















Paramètres Standard Sr Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb U Th
Analyses de Manangutry (en ppm)
8mJ/1Hz/11μm Moacyr 19 1711 115112 223199 23362 83109 9790 32 4119 280 743 70 91 5 19 2 3426 2307 119681
8mJ/1Hz/11μm Moacyr 20 1700 115112 222571 23540 82787 9655 31 4070 284 751 70 90 5 20 2 3524 2339 120692
8mJ/1Hz/11μm Moacyr 19 1693 115112 224549 23635 82508 9779 31 4090 281 742 70 90 6 19 2 3511 2305 120149
6mJ/1Hz/11μm Moacyr 21 1774 115112 222731 23314 82837 9813 31 4234 288 741 71 91 6 18 2 3421 2362 119086
6mJ/1Hz/11μm Moacyr 21 1716 115112 221579 23271 81770 9773 31 4123 282 737 71 91 6 19 2 3489 2364 121509
6mJ/1Hz/11μm Moacyr 24 1717 115112 224536 23495 81720 9953 32 4141 283 751 70 93 6 19 2 3542 2409 122545
6mJ/1Hz/11μm Moacyr 24 1717 115112 223954 23332 81904 9988 32 4161 285 754 71 91 6 20 2 3508 2413 123490
6mJ/1Hz/11μm Moacyr 21 1708 115112 225073 23570 82049 9984 32 4124 288 755 71 92 6 20 2 3547 2440 124263
6mJ/1Hz/33μm Moacyr 18 1773 115112 222653 23226 81627 9906 31 4085 274 718 70 90 6 19 2 3300 2325 118569
6mJ/1Hz/33μm Moacyr 19 1833 119376 231788 24240 84574 10302 32 4280 286 749 73 93 6 20 2 3378 2421 123316
8mJ/1Hz/11μm Moacyr 18 1637 115112 222814 23529 82450 9936 34 4125 285 750 71 92 6 20 2 3529 2300 119013
8mJ/1Hz/11μm Moacyr 18 1621 115112 221488 23425 82091 9866 34 4070 283 742 70 91 6 19 2 3478 2284 118693
8mJ/1Hz/11μm Moacyr 18 1648 115112 224006 23451 83287 9920 34 4118 284 748 71 92 6 20 2 3554 2307 119979
8mJ/1Hz/11μm Moacyr 20 1677 115112 223768 23518 82442 9770 31 4095 284 747 71 91 6 19 2 3617 2405 121819
8mJ/1Hz/11μm Moacyr 20 1670 115112 224711 23395 82586 9754 31 4069 282 742 70 89 6 19 2 3652 2396 121395
8mJ/1Hz/11μm Moacyr 21 1701 115112 225958 23592 82629 9817 31 4107 283 745 71 91 6 20 2 3683 2412 122319
8mJ/1Hz/11μm Moacyr 24 1674 115112 223054 23332 82455 9696 31 4093 281 741 70 89 6 19 1 3545 2381 121600
8mJ/1Hz/11μm Moacyr 21 1679 115112 222164 23382 81751 9653 31 4067 281 740 70 89 6 19 2 3576 2384 119719
8mJ/1Hz/11μm Moacyr 21 1702 115112 224584 23637 83086 9768 31 4114 283 746 70 91 6 20 2 3594 2423 122390
8mJ/1Hz/11μm Moacyr 22 1689 115112 224318 23345 82681 9677 32 4112 281 745 70 90 6 19 2 3568 2376 120511
8mJ/1Hz/11μm Moacyr 21 1684 115112 223244 23454 81642 9710 31 4079 284 745 70 90 6 19 2 3534 2412 121283
8mJ/1Hz/11μm NIST610 20 1744 115112 221485 23240 82024 9791 32 4149 286 749 73 92 6 20 2 5386 1325 120715
8mJ/1Hz/11μm NIST610 20 1729 115112 225263 23572 82712 9868 32 4150 286 751 72 92 6 20 2 5402 1317 119668
8mJ/1Hz/11μm NIST610 19 1701 115112 223033 23279 82196 9701 31 4071 280 744 71 91 6 19 2 5366 1305 118436
8mJ/1Hz/11μm NIST610 19 1713 115112 223031 23353 83149 9791 32 4126 281 744 70 91 5 19 2 5265 1304 120054
8mJ/1Hz/11μm NIST610 20 1701 115112 222435 23533 82797 9656 31 4074 284 752 70 90 5 20 2 5411 1319 120869
8mJ/1Hz/11μm NIST610 19 1693 115112 224443 23629 82487 9780 31 4091 281 742 70 90 6 19 2 5384 1297 120129
6mJ/1Hz/11μm NIST610 21 1825 115112 222327 23429 82975 9853 32 4169 294 755 73 94 6 19 2 5074 1282 114642
6mJ/1Hz/11μm NIST610 20 1765 115112 221177 23386 81906 9812 32 4059 288 752 73 94 6 20 2 5174 1283 116975
6mJ/1Hz/11μm NIST610 23 1766 115112 224129 23611 81856 9993 32 4077 289 766 72 96 6 21 2 5253 1308 117972
6mJ/1Hz/11μm NIST610 23 1766 115112 223548 23447 82041 10028 33 4096 291 769 73 94 6 21 2 5202 1310 118882
6mJ/1Hz/11μm NIST610 20 1757 115112 224665 23686 82186 10025 32 4060 294 770 73 96 6 21 2 5261 1324 119626
6mJ/1Hz/33μm NIST610 17 1728 115112 224297 23566 82943 9996 31 4230 281 737 70 91 6 20 2 4995 1350 116287
6mJ/1Hz/33μm NIST610 18 1723 115112 225159 23717 82868 10025 31 4274 283 741 70 91 6 19 2 4931 1356 116623
8mJ/1Hz/11μm NIST610 19 1678 115112 223245 23524 82038 9896 34 4228 289 759 72 94 6 20 2 5551 1351 121229
8mJ/1Hz/11μm NIST610 19 1661 115112 221916 23419 81680 9826 34 4171 287 751 72 93 6 19 2 5470 1342 120903
8mJ/1Hz/11μm NIST610 19 1690 115112 224439 23446 82870 9880 34 4220 288 758 72 94 6 20 2 5591 1355 122213
8mJ/1Hz/11μm NIST610 19 1690 115112 223416 23350 80957 9636 31 3993 278 734 70 89 6 19 2 5292 1279 117574
8mJ/1Hz/11μm NIST610 19 1683 115112 224494 23271 81255 9632 31 3974 275 729 69 87 6 18 2 5344 1274 117300
8mJ/1Hz/11μm NIST610 20 1715 115112 225877 23510 81457 9707 31 4017 276 732 70 89 6 19 2 5393 1281 118328
8mJ/1Hz/11μm NIST610 23 1689 115112 223110 23295 81443 9600 31 4010 274 727 69 87 6 19 1 5192 1264 117767
8mJ/1Hz/11μm NIST610 20 1695 115112 222355 23388 80904 9570 31 3990 274 726 69 87 5 19 2 5240 1265 116078
8mJ/1Hz/11μm NIST610 20 1719 115112 224914 23688 82386 9696 31 4043 277 731 69 90 6 19 2 5268 1284 118802
8mJ/1Hz/11μm NIST610 21 1707 115112 224785 23439 82144 9619 31 4047 275 730 69 89 6 18 1 5232 1258 117112





Annexe 5-B : Composition chimique de la lave 






























Sample n° CaO Y2O3 SiO2 La2O3 Ce2O3 Pr2O3 Nd2O3 Sm2O3 Gd2O3 P2O5 PbO UO2 ThO2 Total
SK8-9(2)4 10 M1 0.84 0.00 0.26 16.09 29.26 3.25 11.28 1.72 0.84 29.41 0.00 0.58 4.22 97.64
SK8-9(2)4 10 M1 0.86 0.02 0.24 15.90 29.23 3.15 12.08 1.46 0.72 28.95 0.02 0.58 4.11 97.23
SK8-9(2)4 10 M1 1.02 0.78 0.09 14.90 28.08 3.16 11.54 1.93 1.81 29.34 0.00 0.75 3.89 97.19
SK8-9(2)4 10 M1 0.89 0.01 0.27 15.34 29.09 3.21 12.18 1.91 1.08 29.24 0.03 0.71 4.52 98.38
SK8-9(2)4 10 M1 1.05 0.96 0.10 14.62 27.82 3.03 11.50 2.20 1.62 29.39 0.00 0.80 4.02 96.98
SK8-9(X)2 2 M1 1.28 0.68 0.15 14.60 28.17 2.99 12.21 1.97 1.38 29.01 0.00 0.81 4.74 97.88
SK8-9(X)2 2 M1 1.48 0.34 0.20 14.39 28.02 3.00 11.92 1.73 1.06 31.30 0.03 0.80 4.03 98.20
SK8-9(X)2 2 M1 1.26 0.59 0.11 14.71 28.17 2.94 11.56 2.08 1.32 29.25 0.01 0.80 4.12 96.82
SK8-9(X)2 2 M1 1.37 0.57 0.17 14.53 28.29 2.72 11.09 1.91 1.34 29.22 0.00 0.86 4.74 96.69
SK8-9(X)2 12 M1 1.39 0.46 0.14 15.05 27.05 2.91 11.33 1.74 1.33 29.71 0.01 0.70 4.42 96.14
SK8-9(4)2 6 M1 0.85 0.05 0.28 15.70 29.39 3.17 12.47 1.89 1.13 29.67 0.00 0.67 3.91 99.08
SK8-9(4)2 6 M1 0.58 0.02 0.19 15.75 29.08 2.76 12.34 1.85 1.09 28.96 0.00 0.51 2.60 95.63
SK8-9(4)2 6 M1 0.56 0.00 0.16 16.00 29.95 3.28 12.05 2.04 1.08 30.34 0.04 0.50 2.75 98.63
SK8-9(4)2 6 M1 1.23 0.07 0.25 15.83 29.88 3.44 12.27 1.86 1.02 29.31 0.00 0.62 2.71 98.38
SK8-9(X)2 4 M1 1.06 0.10 0.32 15.22 29.24 2.90 12.02 1.99 0.82 28.83 0.02 0.82 4.95 98.18
SK8-9(X)2 3 M1 1.36 0.47 0.11 14.69 28.62 3.15 11.87 2.00 1.42 28.99 0.01 0.79 4.63 97.96
SK8-9(X)2 3 M1 1.30 0.57 0.20 14.66 28.24 3.16 11.69 1.70 1.56 28.70 0.00 0.78 4.44 96.90
SK8-9(X)2 3 M1 0.98 0.01 0.40 15.30 29.87 3.47 11.99 1.83 0.76 28.12 0.01 0.72 3.71 97.06
SK8-9(X)2 9 M1 1.27 0.08 0.42 14.47 27.06 3.33 12.00 2.04 1.36 28.13 0.14 0.67 7.39 98.24
SK8-9(X)2 9 M1 1.38 0.06 0.72 13.59 25.96 2.67 11.49 1.82 1.37 27.63 0.16 0.58 9.32 96.65
SK8-9(X)2 9 M1 0.93 0.06 0.30 14.60 28.46 3.20 12.16 2.18 1.23 28.65 0.06 0.58 5.42 97.71
SK8-9(X)2 9 M1 0.92 0.11 0.28 15.22 28.43 3.02 12.03 1.71 1.31 28.78 0.12 0.61 5.08 97.52
SK8-9(X)2 8 M1 1.45 0.54 0.18 14.63 28.29 3.15 11.09 1.90 1.43 28.97 0.00 0.83 4.34 96.69
SK8-9(X)2 8 M1 1.76 0.21 0.19 15.28 28.39 3.12 10.94 1.55 0.94 28.85 0.12 1.17 5.30 97.72
SK8-9(X)2 12 M1 1.15 0.05 0.35 14.45 27.24 3.02 12.09 1.76 1.05 29.48 0.13 0.50 5.52 96.70
SK8-9(X)2 12 M1 1.20 0.03 0.30 14.93 26.53 3.11 12.19 2.30 1.26 29.03 0.13 0.66 5.03 96.57
SK8-9(X)2 12 M1 0.99 0.04 0.59 15.09 26.41 3.10 12.07 2.10 1.05 29.14 0.08 0.54 4.42 95.52
SK8-9(X)2 12 M1 1.17 0.12 0.26 14.91 26.48 2.85 11.59 2.01 0.95 29.23 0.09 0.66 4.46 94.66
SK8-9(X)2 12 M1 1.12 0.04 0.25 14.89 27.05 3.25 12.62 2.13 0.95 29.21 0.06 0.50 4.30 96.26
SK8-9(4)2 1 M1 1.72 1.04 0.86 13.10 25.69 2.92 11.39 1.97 1.85 30.81 0.02 0.82 4.46 96.54
SK8-9(4)2 1 M1 1.05 0.09 0.12 15.16 28.45 3.08 11.63 2.00 0.82 29.71 0.01 0.88 4.24 97.11
SK8-9(4)2 1 M1 1.37 0.87 0.12 14.41 26.81 3.19 11.32 1.92 1.59 29.68 0.02 0.75 5.05 97.00
SK8-9(4)2 1'' M1 1.22 0.99 0.11 15.10 28.24 2.88 11.63 1.92 1.45 29.58 0.00 0.72 4.05 97.77
SK8-9(4)2 1'' M1 1.18 0.55 0.09 15.00 28.07 3.32 11.52 1.93 1.57 29.57 0.01 0.89 4.57 98.17
SK8-9(4)2 1'' M1 1.09 0.53 0.11 15.14 28.36 2.94 11.38 2.08 1.42 29.57 0.00 0.87 4.24 97.60
SK8-9(4)2 1'' M1 1.16 0.58 0.14 14.87 28.08 3.26 11.56 2.21 1.36 29.53 0.00 0.96 4.57 98.15
SK8-9(4)2 1'' M1 1.26 0.73 0.62 14.58 27.69 3.20 11.67 1.98 1.68 29.20 0.02 0.76 4.72 98.01
SK8-9(4)2 1'' M1 1.34 0.87 0.15 14.69 27.65 3.21 11.40 1.85 1.54 29.24 0.01 0.78 4.56 97.16
SK8-9(4)2 1'' M1 1.59 0.30 0.18 16.79 29.90 3.17 10.99 1.43 1.07 29.56 0.02 0.47 4.00 99.40
Annexes 5-C : Compositions chimiques EMP des 




















Sample n° CaO Y2O3 SiO2 La2O3 Ce2O3 Pr2O3 Nd2O3 Sm2O3 Gd2O3 P2O5 PbO UO2 ThO2 Total
SK8-9(4)2 1'' M1 1.78 0.87 0.83 14.89 27.32 3.40 10.80 1.78 1.72 28.24 0.05 0.71 6.84 99.13
SK8-9(2)4 3 M2 0.92 2.21 0.13 13.97 28.32 3.15 11.77 1.91 1.45 29.97 0.00 0.25 4.34 98.30
SK8-9(2)4 3 M2 1.04 2.06 0.13 14.34 28.57 3.00 11.37 2.11 1.40 29.33 0.00 0.32 4.56 98.12
SK8-9(2)4 8 M2 0.72 2.62 0.12 14.32 27.87 3.14 11.68 1.69 1.56 29.81 0.00 0.14 3.48 97.07
SK8-9(2)4 8 M2 0.69 2.75 0.12 13.96 27.94 3.24 12.42 1.64 1.51 29.50 0.00 0.08 3.51 97.29
SK8-9(2)4 4 M2 0.94 2.08 0.12 15.29 28.65 2.90 11.02 1.67 1.34 29.28 0.00 0.21 3.36 96.77
SK8-9(2)4 4 M2 0.69 1.69 0.14 14.55 28.66 3.27 12.32 2.10 1.51 29.94 0.02 0.26 3.10 98.16
SK8-9(2)4 4' M2 0.96 1.96 0.14 14.24 28.06 3.30 11.81 2.00 1.61 28.60 0.01 0.30 4.26 97.15
SK8-9(2)4 4' M2 0.57 0.85 0.24 15.72 29.71 3.06 11.89 1.82 1.50 29.40 0.00 0.24 3.28 98.18
SK8-9(2)4 4'' M2 0.59 0.93 0.31 14.72 29.63 3.08 12.19 1.98 1.55 29.06 0.01 0.20 3.43 97.58
SK8-9(X)2 2' M2 1.30 1.17 0.11 14.83 28.33 3.07 11.28 1.68 1.58 29.70 0.02 0.28 4.49 97.75
SK8-9(X)2 2' M2 1.32 2.61 0.07 14.43 27.22 2.98 10.93 1.61 1.65 30.16 0.00 0.28 4.34 97.53
SK8-9(X)2 8 M2 1.01 2.24 0.23 14.67 28.33 2.95 11.83 1.29 1.44 29.28 0.02 0.10 3.63 96.95
SK8-9(2)4 3 M3 1.05 0.33 0.16 15.01 29.30 3.49 12.24 1.65 1.35 29.66 0.02 0.20 4.42 98.80
SK8-9(2)4 8 M3 0.96 0.13 0.24 14.58 28.37 3.23 11.83 1.99 1.14 28.96 0.10 0.63 4.97 97.01
SK8-9(2)4 8 M3 1.17 1.09 0.62 14.70 27.65 3.22 11.60 1.85 1.24 29.64 0.10 1.04 4.20 98.01
SK8-9(2)4 8 M3 0.81 0.23 0.14 15.43 30.01 3.13 12.07 1.99 0.66 29.60 0.02 0.21 3.86 98.06
SK8-9(2)4 8 M3 1.07 0.42 0.17 14.78 29.31 3.34 12.02 1.52 0.59 29.47 0.00 1.32 4.39 98.29
SK8-9(2)4 8 M3 1.21 0.78 0.15 14.03 27.70 3.26 11.81 2.00 1.60 29.53 0.00 0.21 6.37 98.56
SK8-9(2)4 8 M3 1.26 0.00 0.16 14.98 29.59 3.27 11.36 1.36 0.35 29.27 0.00 1.52 5.18 98.20
SK8-9(2)4 4 M3 0.71 0.40 0.25 15.82 30.08 2.99 12.06 1.80 0.73 28.88 0.00 0.22 3.61 97.46
SK8-9(2)4 4 M3 0.98 1.10 0.24 14.73 28.48 2.67 11.76 1.72 1.29 29.14 0.00 0.24 4.25 96.50
SK8-9(2)4 4 M3 0.72 0.22 0.23 16.53 30.61 2.85 11.42 1.35 0.74 29.14 0.03 0.12 3.69 97.60
SK8-9(2)4 4 M3 0.77 0.48 0.22 15.80 30.17 3.06 11.70 1.71 1.33 30.09 0.00 0.22 3.70 99.15
SK8-9(2)4 4' M3 0.69 0.38 0.10 14.92 28.87 3.41 11.93 2.00 1.39 28.89 0.00 0.21 3.13 95.84
SK8-9(2)4 4' M3 0.69 0.21 0.24 16.76 30.89 3.38 11.34 1.49 0.90 29.38 0.00 0.14 3.83 99.19
SK8-9(2)4 5 M3 1.68 0.20 0.26 13.02 26.86 3.04 11.54 1.93 1.38 28.81 0.00 0.48 7.81 96.90
SK8-9(2)4 5 M3 1.60 0.22 0.29 13.04 26.55 2.86 11.41 1.80 0.90 28.62 0.00 0.55 7.40 95.15
SK8-9(X)2 2' M3 1.48 0.34 0.18 14.71 28.95 3.16 12.04 1.57 0.93 29.06 0.00 0.20 5.79 98.32
SK8-9(X)2 2' M3 1.41 0.16 0.52 14.59 29.39 3.03 11.90 1.83 0.77 28.85 0.00 0.19 4.10 96.64
SK8-9(X)2 2' M3 1.17 0.85 0.23 14.64 28.55 3.27 11.93 2.00 1.32 29.14 0.00 0.24 3.96 97.19
SK8-9(X)2 2' M3 1.51 0.42 0.20 14.92 29.17 2.92 11.72 1.47 0.65 29.71 0.03 0.78 4.95 98.36
SK8-9(X)2 3 M3 1.14 0.24 0.14 15.18 29.84 3.47 12.12 1.70 1.04 29.10 0.00 0.21 4.53 98.63
SK8-9(X)2 3 M3 1.51 0.59 0.16 14.54 28.32 2.69 11.85 2.07 1.33 28.95 0.01 0.83 4.60 97.33
SK8-9(X)2 4 M3 1.24 0.50 0.10 14.69 28.39 3.18 11.49 2.06 1.31 29.21 0.01 0.87 4.27 97.19
SK8-9(X)2 4 M3 1.03 0.14 0.26 15.05 29.60 3.26 11.65 1.70 0.82 28.51 0.00 0.19 5.06 97.17
SK8-9(X)2 9 M3 1.24 0.00 0.25 14.93 29.60 2.80 11.70 1.50 0.26 28.62 0.06 0.47 5.71 97.06
SK8-9(X)2 9 M3 1.02 0.32 0.20 15.04 29.19 3.32 11.85 1.93 1.17 28.98 0.00 0.42 4.79 98.14
SK8-9(X)2 9 M3 1.24 0.01 0.43 14.53 29.78 3.26 12.45 1.48 0.10 28.69 0.02 0.77 5.38 98.05
SK8-9(X)2 9 M3 1.43 0.00 0.49 14.55 29.14 3.43 11.67 1.58 0.30 28.66 0.00 0.67 6.42 98.24
SK8-9(X)2 9 M3 1.26 0.00 0.41 14.66 29.60 3.16 12.33 1.64 0.03 28.78 0.01 0.55 5.65 98.00
SK8-9(X)2 9 M3 1.28 0.00 1.18 14.41 29.09 3.00 12.15 1.39 0.22 28.23 0.00 0.50 5.65 97.03
SK8-9(X)2 9 M3 1.24 0.01 0.24 14.42 29.67 3.57 11.93 1.62 0.07 28.91 0.00 0.47 5.81 97.87























Sample n° CaO Y2O3 SiO2 La2O3 Ce2O3 Pr2O3 Nd2O3 Sm2O3 Gd2O3 P2O5 PbO UO2 ThO2 Total
SK8-9(X)2 8 M3 1.59 0.53 1.08 14.43 27.83 3.40 11.58 1.89 1.06 28.55 0.00 0.25 5.01 97.10
SK8-9(X)2 8 M3 1.52 0.12 0.36 15.28 29.66 2.83 11.86 1.50 0.95 28.97 0.00 0.18 5.37 98.52
SK8-9(X)2 8 M3 1.33 0.73 8.82 13.25 25.62 2.68 10.77 1.52 1.62 26.68 0.00 0.86 4.51 98.31
SK8-9(X)2 12 M3 1.75 0.01 0.71 14.02 27.39 3.02 11.67 1.25 0.25 29.05 0.02 0.40 7.85 97.31
SK8-9(X)2 12 M3 1.89 0.00 2.29 13.41 26.60 3.23 11.53 1.15 0.40 28.30 0.04 0.50 8.47 97.75
SK8-9(X)2 12 M3 1.97 0.00 0.50 13.66 26.98 3.22 11.38 1.34 0.19 29.39 0.00 0.45 8.60 97.61





Annexes 5-D : Concentration en ppm des 










Sample Sr Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U
SK8-9(4)2 M1 212 4382 127903 225988 25611 98583 17552 2182 13384 1152 2727 173 141 6 17 1 110 38001 11231
SK8-9(4)2 M1 204 4248 125345 223612 25200 97852 17674 2172 13350 1153 2708 173 138 6 17 1 109 37835 10960
SK8-9(4)2 M1 206 4510 127903 229409 25660 99954 17871 2168 13599 1184 2802 182 152 7 21 2 102 35213 11466
SK8-9(4)2 M1 213 7214 129608 231914 26106 100529 18527 2349 15552 1567 4295 315 282 13 35 3 100 40803 10613
SK8-9(4)2 M1 512 430 128755 224066 25256 98369 15851 2093 7681 297 342 16 22 1 6 1 124 38145 9507
SK8-9(4)2 M1 290 1629 106586 188017 21180 81654 14392 1741 7630 424 901 70 87 6 26 3 107 34018 6788
SK8-9(4)2 M1 551 3025 134298 247268 26559 102607 16000 1271 9208 671 1653 127 153 10 39 4 58 41117 5575
SK8-9(4)2 M1 269 493 134298 240086 26568 102956 17270 2092 9286 412 523 23 21 1 4 0 85 24492 8556
SK8-9(2)4 M1 - 124 130564 232015 26679 103318 17546 2239 8445 313 237 6 11 0 3 0 302 48657 5338
SK8-9(2)4 M1 - 1628 124805 232015 26380 100625 16109 1499 8250 445 848 71 93 6 21 2 187 45725 3404
SK8-9(2)4 M1 - 98 127388 227945 26017 101651 17371 2180 8280 292 194 5 12 0 4 0 208 36356 5196
SK8-9(2)4 M1 - 105 128724 227945 26018 100619 17476 2234 8357 298 207 5 12 0 4 0 226 40512 5382
SK8-9(2)4 M1 - 117 128706 227945 26418 102427 17466 2230 8513 304 213 6 13 0 4 0 221 40284 5147
SK8-9(2)4 M1 - 112 125957 227945 25754 101280 17459 2195 8501 304 217 5 12 0 4 0 229 41156 5161
SK8-9(2)4 M1 - 653 128560 227945 25701 99307 16604 2007 8045 344 437 28 43 3 16 1 171 33953 4647
SK8-9(2)4 M1 365 2294 121934 222982 25256 95850 16335 2245 9937 632 1479 94 79 3 9 1 203 39283 11641
SK8-9(2)4 M1 766 1505 124492 220910 24907 95106 16531 2297 10165 609 1154 65 51 2 7 1 607 35408 9469
SK8-9(2)4 M1 - 2729 123462 227945 25478 98299 16382 1546 9560 722 1654 113 108 5 19 1 129 41988 4242
Average 359 1961 126627 226997 25597 98943 16912 2041 9875 618 1255 82 79 4 14 1 182 38497 7463
SK8-9(2)4 M2 - 10905 122934 232015 26042 101076 17893 688 12706 1209 3993 470 679 45 152 14 40 33599 2087
SK8-9(2)4 M2 83 7164 134724 257169 27985 110831 19604 753 14444 1161 3201 309 360 20 66 5 26 40567 3957
SK8-9(2)4 M2 46 9375 130461 234294 26091 99418 16316 379 12179 1133 3829 440 543 31 93 8 20 27270 2738
SK8-9(2)4 M2 83 11661 119376 211686 24770 92502 15237 478 11777 1182 4544 538 761 56 200 17 59 41569 2059
SK8-9(2)4 M2 71 11868 119376 219422 24834 96106 15777 560 11878 1097 4085 494 738 52 184 15 25 38817 2325
SK8-9(2)4 M2 73 8311 119376 219514 24305 93792 15543 558 10591 962 3326 377 557 44 173 16 28 39065 3030
Average 71 9881 124374 229017 25671 98954 16728 570 12262 1124 3829 438 606 41 145 12 33 36814 2699
SK8-9(4)2 M3 101 2521 134298 247125 26986 106545 16231 723 9715 637 1427 108 112 6 18 1 32 45611 2770
SK8-9(2)4 M3 93 1850 126197 235804 26642 100677 15118 552 6900 417 975 80 101 6 22 2 30 40804 6513
SK8-9(2)4 M3 99 3988 127903 239895 26681 103575 17281 671 11157 815 2125 172 200 11 36 3 35 48736 3044
SK8-9(2)4 M3 623 2136 119376 222836 24743 93794 15181 543 9255 570 1296 103 109 6 20 1 32 35315 2231
SK8-9(2)4 M3 60 3589 127903 226806 24249 89876 13631 448 8960 665 1771 161 190 10 32 2 19 29617 2109
SK8-9(2)4 M3 55 1904 121081 228398 25139 96073 15236 597 9366 589 1262 85 77 3 11 1 16 23328 2902
SK8-9(2)4 M3 42 4049 134724 235958 25502 97124 14932 270 9968 743 2154 202 200 9 25 2 20 29100 1756
SK8-9(2)4 M3 94 3778 131313 245367 26317 103896 15498 795 9448 718 1884 171 208 12 43 3 42 38979 4238
SK8-9(2)4 M3 49 4941 134724 247214 26568 102747 15852 408 10667 830 2404 236 269 14 42 3 22 32172 2452
SK8-9(2)4 M3 - 3080 123180 232015 26092 101965 17537 683 11070 838 1908 142 136 6 17 1 35 32070 1950
SK8-9(2)4 M3 - 5825 123351 232015 25725 99633 16522 485 10721 896 2676 267 316 16 51 4 36 28323 1380





Annexes 5-E : Cartographies chimiques des 






























































SK89X2 M1 0.0145 2.2 290 6 0.0445 2.5 281 7 0.4030 3.0 344 9
SK89X2 M1 0.0156 2.2 312 7 0.0490 2.4 309 7 0.3509 2.9 305 8
SK89X2 M1 0.0165 2.2 331 7 0.0531 2.4 334 8 0.5903 2.8 471 11
SK8924 M1 0.0152 2.2 305 7 0.0495 2.3 311 7 0.4219 2.4 357 7
SK8924 M1 0.0164 2.2 328 7 0.0526 2.3 330 7 0.5090 2.4 418 8
SK8924 M1 0.0159 2.1 319 7 0.0507 2.2 319 7 0.5172 2.4 423 8
SK8924 M1 0.0154 2.2 308 7 0.0494 2.2 311 7 0.3654 2.3 316 6
SK89X2 M1 0.0161 2.2 323 7 0.0519 2.4 326 8 0.5075 3.0 417 10
SK89X2 M1 0.0034 2.4 68 2 0.0865 2.9 69 2 0.0107 2.6 84 2
SK89X2 M1 0.0029 2.1 58 1 0.0671 2.9 57 1 0.0089 2.5 66 2
SK89X2 M1 0.0031 2.0 62 1 0.0804 3.2 63 2 0.0098 2.4 79 2
SK8942 M1 0.0025 2.4 51 1 0.0623 3.1 54 1 0.0083 2.6 61 2
SK8942 M1 0.0027 2.2 55 1 0.0633 2.9 54 1 0.0084 2.6 62 2
SK8942 M1 0.0027 2.2 54 1 0.0654 3.1 54 1 0.0084 2.6 64 2
SK8942 M1 0.0023 2.6 47 1 0.0605 3.4 47 1 0.0074 2.7 60 2
SK8942 M1 0.0030 2.0 60 1 0.0726 2.9 61 2 0.0095 2.5 71 2
SK8942 M1 0.0034 2.4 68 2 0.0819 3.2 69 2 0.0107 2.6 80 2
SK8924 M1 0.0027 2.2 55 1 0.0713 3.9 57 1 0.0088 2.5 70 3
SK8924 M1 0.0034 2.4 68 2 0.0800 2.6 68 2 0.0106 2.3 78 2
SK8924 M1 0.0032 2.5 64 1 0.0829 2.8 66 2 0.0103 2.3 81 2
SK8924 M1 0.0034 2.3 69 2 0.0893 2.7 69 2 0.0108 2.4 87 2
SK89X2 M1 0.0023 2.6 46 1 0.0585 3.2 47 1 0.0073 2.7 58 2
SK89X2 M1 0.0026 2.3 52 1 0.0637 3.2 53 1 0.0083 2.6 63 2
SK89X2 M1 0.0025 2.4 51 1 0.0630 3.4 53 1 0.0082 2.7 62 2
SK89X2 M2 0.00065 3.1 13.2 0.3 0.0022 3.7 13.9 0.5 0.0213 7.6 21.4 1.6
SK8924 M2 0.00067 3.0 13.5 0.3 0.0021 2.8 13.7 0.4 0.0164 6.6 16.5 1.1
SK89X2 M3 0.00065 3.1 13.0 0.4 0.0021 5.7 13.7 0.7 0.0207 14.6 20.8 3.0
SK89X2 M3 0.00069 2.9 14.0 0.3 0.0024 3.3 15.4 0.5 0.0298 6.9 29.8 2.0
SK8924 M3 0.00066 3.0 13.3 0.3 0.0023 3.5 14.7 0.5 0.0289 7.4 28.9 2.1
SK8924 M3 0.00071 2.8 14.3 0.3 0.0031 3.9 20.0 0.7 0.1086 5.5 104.7 5.5
SK8924 M3 0.00065 3.1 13.1 0.3 0.0022 3.6 14.2 0.5 0.0207 12.6 20.8 2.6
SK8924 M3 0.00064 3.1 12.9 0.3 0.0021 3.8 13.4 0.5 0.0139 13.6 14.0 1.9
SK8924 M3 0.00065 3.1 13.2 0.3 0.0022 2.8 14.0 0.4 0.0152 11.3 15.3 1.7
SK8924 M3 0.00065 3.1 13.1 0.3 0.0021 3.7 13.8 0.5 0.0224 10.1 22.5 2.3
SK8924 M3 0.00066 3.0 13.3 0.3 0.0021 2.9 13.3 0.4 0.0149 11.8 15.0 1.8
SK8924 M3 0.00070 2.9 14.1 0.3 0.0025 3.2 16.3 0.5 0.0600 5.7 59.1 3.3
SK8924 M3 0.00065 3.1 13.0 0.3 0.0021 2.9 13.3 0.4 0.0168 9.3 17.0 1.6
SK8924 M3 0.00068 2.9 13.8 0.3 0.0025 3.1 16.3 0.5 0.0504 4.9 50.0 2.4
SK8924 M3 0.00070 2.9 14.1 0.3 0.0027 3.0 17.3 0.6 0.0583 5.5 57.5 3.0





































































SK8924 M3 0.00066 3.0 13.3 0.3 0.0022 4.7 13.8 0.6 0.0223 11.0 22.4 2.5
SK8924 M3 0.00069 2.9 13.9 0.3 0.0024 3.3 15.7 0.5 0.0404 6.0 40.2 2.4
SK8924 M3 0.00063 3.2 12.7 0.3 0.0020 3.9 13.1 0.5 0.0266 9.1 26.6 2.4
SK8924 M3 0.00068 2.9 13.8 0.3 0.0023 3.5 14.8 0.5 0.0199 10.1 20.0 2.0
SK8924 M3 0.00070 2.9 14.0 0.3 0.0025 3.2 16.3 0.5 0.0484 5.5 48.0 2.6
SK8924 M3 0.00064 3.1 13.0 0.3 0.0021 2.9 13.4 0.4 0.0182 7.0 18.3 1.3
SK8924 M3 0.00066 3.0 13.3 0.3 0.0026 3.8 16.7 0.7 0.0657 7.1 64.6 4.5
SK8924 M3 0.00065 3.1 13.1 0.3 0.0021 3.7 13.8 0.5 0.0173 10.3 17.4 1.8
SK8924 M3 0.00066 3.0 13.3 0.3 0.0022 3.7 13.9 0.5 0.0213 8.5 21.4 1.8
SK8924 M3 0.00069 2.9 13.9 0.3 0.0023 3.5 14.5 0.5 0.0180 8.7 18.1 1.6
SK89X2 M3 0.00066 3.0 13.4 0.4 0.0029 4.8 18.6 0.9 0.0421 18.0 41.8 7.4
SK89X2 M3 0.00066 3.0 13.4 0.3 0.0022 4.5 14.3 0.7 0.0385 10.8 38.3 4.1
SK89X2 M3 0.00072 2.8 14.4 0.4 0.0022 2.8 14.0 0.4 0.0278 5.5 27.8 1.5
SK8924 M3 0.00064 3.1 12.9 0.4 0.0019 4.1 12.4 0.5 0.0200 9.5 20.1 1.9
SK8924 M3 0.00063 3.2 12.8 0.3 0.0020 3.0 12.7 0.3 0.0131 6.0 13.2 0.8
SK8924 M3 0.00070 2.9 14.2 0.4 0.0034 4.2 21.7 0.9 0.1145 6.4 110.1 6.7
SK8924 M3 0.00070 2.9 14.0 0.3 0.0027 3.7 17.3 0.6 0.0483 6.8 47.9 3.2
